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Key Points:

X The Cassini Langmuir probe datasetdri. W ap§phere is ranalyzed with a specific
interest on the electron density and temperature.

X 2 to 4coldelectron populationg/ith distinct potentials are observed

x Electronpopulationssary with altitude and solar illuminatiosuggesting origins linketb
solar photonsnagnetospheric partidenddust
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22  Abstract

23 Currentmodels of 7 L W Drg@$§pWierdnave difficulties in explaininghe observed electron density

24  and/or temperaturén order toget new insights, we fanalyzed the data taken in the ionosphere
25  of Titan by the Cassini Langmuir probe (LP), part of the Radio and Plasma Wave Scien&® (RPW
26 instrumentThis is the first of two papers that present the new analysis method (currentgraper
27  statistics on the whole datas@tesuggesthat between 2 and 4 electron populations are necessary
28 to fit the data. Each population is defined &@ypotential, a electrondensity and @& electron

29 temperatureand is easilyisualizedby a dinstinct pak in the second derivative of the electron
30 current which is physically related to thelectron energy distribution functiofpruyvesteyn

31 method) The detected gpulations vary wittsolar illumination and altitudéVe suggest that the

32 4 electron populations are due to phmnization, magnetospheric particles, dusty plasma and
33 electron emission from th@robe boomrespectively.

34

35 1 Introduction

36 The Cassini mission explored the Saturnian system from 2004 to 20g§awnds unprecedented

37 insights ontheionosphereof Titan, the biggest moon of Satui@oates et al., 2007; Wahlund et

38 al., 2005; Waite et al., 2005)his ionized environment hosts a complex ion chemtkty leads

39 to the formation of organic aeros@\uitton et al., 2019; Waite et al., 200The Cassini mission

40 investigated Titan at the occasionl@b6close flybys, and probed the ionosphere below the altitude
41 of 1200 kmfor 57 of these flybysThere is a substantial coverage of measurements taken at
42  different solar zenith angles, latitudes ard®ns, enabling statistical analyses.

43 The study here is focused on electrdn® 7LWDQ TV hde@&rarSdensityils pieviously

44  observed to be mainlgoverned by solar photons during the dégren et al., 2009)

45  Photaonization of the neutral molecules leaditmaximum electronahsity (~2000 cm) around

46 1100 km altitudeThe electron density have also been observed to vary (up to factor 2 at the peak)
47  with the solar cycléEdberg et al., 20130n thenightside electron transpoffom thedayside

48 and the thermalization of magnetospheric electrons give a constant electron density-696-400

49  cm®from 1200 km to < 950 krfAgren et al., 2009; Cravens et al., 2009; Cui et al., 2009; Shebanits
50 etal, 2017h)

51 Below 1100 km of altitude, positive, negative ions and dust have increasing densities, and start to
52 affect the electronEShebanits et al., 2013, 2016; Waite et al., 20Bi7particular, dust particles

53 in a denséonized environment tend tattractelectrons and charge negativédyg. Farrell et al.,

54  2009; Shukla & Mamun, 2015}k explainswhaythe electron density dezases below 1100 km,

55 while the density ofons and negatively charged dust increase and become the dominant negative
56 charge carrierge.g.Shebanits et al., 2013, 2016)

57 The temperature of the bulk electrons can be deduced from measurementsamgthair probe
58 onboard CassiniAgren et al.(2009)andEdberg et al(2010)derived the electron temperature
59 profiles(assuming a single Maxwellian electron diatition) from 52 flybysdown to ~900 km of
60 altitudeand stated a rather stabilized temperahei®w 1100 km The observedvalues ranga
61 IURP WR -HO K)8

62 6HYHUDO PRGHOV KDYH EHHQ GHYHORSHG WR iXQ<plttteVWDQG
63 (e.g.Galand et al., 2014nd references ther@imNevertheless, model results either pretdioicold

2
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electrons (< 0.02 eV; < 200 K} 900 km(Mukundan & Bhardwaj, 2018; Richard et al., 201
anoverestimated electron density by a factor ¢¥@ren et al., 2013, 2016The addition of the
negative ions to a photoionisatoin model has been showed®ase the discrepancy with the
measurementShebanits et al., 2017a)

The presentwork aims toclosely investigate the measurements of the electron density and
temperature in th@nosphere of Titan, focusimn the interaction between electrons and negative
ions and dust. For thpurpose, w reanalyzed theneasurementcquired by the Langmuir probe
(LP) partof the Radio and Plasma Wave Science (RPWS) investigatimoanrd Cassini, during

the 13 years of the missiohhis work is presented in two parts. In a first pages (@e), we detall

the method used for the-amalysis of the data and the detection of several electron populations.
A second papefChatain et al., n.d.)) UHIHUUHG [DpkesenBDite Hadults §ibtained for 57
flybys and discusses the origins of the detectedrelegiopulations.

2 Methods

2.1Langmuir Probeneasurements

The Langmuir probe ehoard Cassini was built by the Swedish Institute of Space Physics (IRF).
It was positioned below the radio antenmiaal.5 mboomto minimizeelectric perturbatiofrom

the spacecrafGurnett et al., 2004)'he probe was a sphere of titanium of 5 cm in diameteied

with titanium nitride choserforemost for its electrical work function stability, chemical inertness,
high reflectivity and limited photoelectric effects. It is also very haghhancingsolid particle
impact resistance and eliminmag hysteresis effets that are observed with other surface coatings
(Wahlstrom et al., 1992A small part of the stickthe stub)closest tahe sphere was kept at the
probe potentiato ensure a symmetric potential pattern and ssgmround a swept probé
cleaning mode enabled to remove a possible contamination on faeesun this mode, the
potential of the sphere wa®t at +32 V to induce sputtering of the probe with high energy
electrons.

In this study we usedhe meastements from the sweep mode of the prdikee current collected

by the probe during the voltage sweep enables to deduce the electron density and temperature
(among other useful derived parameters of inter€st)Titan the probe usually acquired double
sweeps, in 512 x2 voltage steps, from +4 \V40/, and back to +4 Mo give an idea of possible
surface contamination effects. addition, to detect any charging effects, for both of the sweeps

the current was measured twice at each voltage step.

In this work, we first investigated the reproducibility of the measurgmeiith the two voltage
VZHHSV QDPHG pGRZQY DQG pXSTv DQG WKH GRmdpOH PHD\
MHGRZQPGRZQ 1 DQEAJURAS REVHUYHG WKDW puGreavWwysivedyQ&GepGRZQ 1
to each other: #hcurrent stabilizes quickbfter each voltage steidowever,during the increasing

voltage phase uXS 1D Q G theX6Brrdnt continues to increaskgthly between the two
measurementsurther details are given in Appendix A.

In the following, ZH GLG QRW WDNH WKH DYHUDJH RI pGRZQY DQG puX
the measured plasma potential between both would distort the average siggeheétallyused

the average of the deUHDVLQJ SDUW RI).\WMéertheélgds, ive uspdsaisd R average

Rl uXS 1 DQG pupXsS 1 LQ WKH IHZ FDVHV ZKHUH WKH GHFUHDVL

3
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106 DQDO\|HG WKH LPSDFW RI XVLQJ WKH pGRZQY RIWhaitkH puXST \
107 effect wasnegligiblecompared to the fit error baisee further)An example is given in Supporting
108 Information Figure S1.

109

110 2.2 Theory to fit the electron and positive ion current

111 The Orbital Motion Limited (OML) theory is used to fit theltame sweeps measured by the
112 Langmuir probe. A correction is added in the attracbies voltageregion using the Sheath
113 Limited theory (SL).

114 The OML theory, firsdescriled byMott-Smith & Langmuir(1926) deduces information on the

115 chargedarticlesfrom the current measured by the probased on the conservation of energy and
116 angular momentumNo particle isassuned to come from the probe itself arfge bulk particle

117 speed distribution isssumd Maxwellian. The OML theory is valid whethe proberadiusis

118 smaller than the Debye length ihd probed regionin theseconditions, the electron and ion
119 currents (espectively{sand ) are described by two different equations depending on the sign of
120 7L 750064 (Wahlund et al., 2009; Whipple, 19657 &; oheingthe potential bthe probe

121 and 7g the characteristic potential of the electron/ion population in the plasma. The electron
122 current g(resp. the ion current) is expressed as a function g (or +z) and \; (resp. \):

TLAf 7Pr, TLE 7OTr
>uDWWUDFWLYHY SDU
TLAf 70r TLE 7Pr

Loty FE Fia
L batS:Fie >HUUHSHOOLQJY SDUW @

L kg :SFTg; Q)

123 The two equations join in 7 L r. Then, the collected currengy is formulated as follow It
124 combines the effect of flow kinetic energy and thermal en@¥gkileson et al., 1974)

... R_Ga& 5
Ba L F#A@Jéd\éangtéa . 3

125  #a¢ds the surface area of the prob&, M, R, 6 and | s are respectively the density, charge,
126 velocity, temperature andass of electrons or ionand G, is the Boltzmann constant.

127 The parametei s depends on 7and is expressed as:
Ma 7

L Ma7
LeRegq

(4)

128 In the case of electrons, the flow kinetic energy term can be neglected compared to the thermal
129 term. Itis the opposite in the case of ions (positive and negative), which are heavier than electrons
130 and transported alongéhion ram flux. When 7 ' r, the collected current is governed by

131 positive ions while it is dominated by electrons when P r.

132
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133 ,Q 7LWDQYV LRQRVSKH&,M t &yKHa MIES simdartQ th&r&dius of the probe
134 (N L ta?l). Itis thelimit of validity to use the OML theory. Therefora,small correctioms

135 added by using the Sheath Limited (SL) the@gttinger & Walker, 1965; Whipple, 1965)alid

136 in a collisionless maxwellian plasmid.addsthe dependence of the sheath thickr{eg®svith the

137 potentialand size of the probe amtianges the expression of the attractive part. For electrons, it
138 qgivesfor 7 Pr:

.
JngHdsEaeHlsFié’lF—fpph

6
SEPeL I, Esp Fsa éL—u (5)

Ay,

_ 5
=J @OL ra Wi 557

139 The expression of the sheath thickne@sq empirically obtained bBettinger and Walkef1965)
140 inthe case of spherical bodies. $aexpressions converggethe OML expressionshen O( N

141

142 The electron temperature and the Electron Energy Distribution Function (EEDF) can be obtained

143 IURP WKWULRQ@DHILRQY WKH SDUW RI WKH YROWDJH VZHHS
144  dominate the positive ion current, i.e. fof7 beingslightly negative(of a few tenths of volts

145 WKH FRQGLWLRQV Rl 7LWDQYV LRQRVSKHUH

146 In this transition region, thgositive ion current is not always negligible compared to the electron
147 current. To obtain the electron current, the measured (total) current is therefore corrected from the
148 positive ion part, fittedby a linearcurve (see Equation (1)An example is giverin Supporting

149 Information Figure S2.

150
151 ([ DPSOH RI HOHFWURQ FXUUHQW FROOHFWHG LQ 7LW
152 electron ppulations

153 The electron paris fitted with Equations (2) and5]. Nevertheless, using only one electron
154 USRSXODWLRQY L HfERUQtldNS R)PARASID iedits @ poor fit of the electron
155 currentcollected in the ionospher&enerally a second population has to be added. It leads to two
156 different sets of 7g Jg 6. An example is shown in Figude

157 Below 1300 km, two maxwellian populations of electronsaodien still not sufficient to correctly
158 fit the electron current. A third, and in rare occasions a fourth, population is reduiredample
159 with three populationis shown inFigure2 andexamples with one arfdur populationsre given
160 in Supporting Information Figure S3 and $d.conclusion, the analysis of voltage&eeps in the
161 ionosphere of Titan often leads teAZsets of (g, Jg 6) per sweepThe fitting procedure is
162 detailed in AppendiB.

163
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Figure 1. Fitting of the voltage sweep acquired during T50 at 1241 km altitugee (®ne electron
population is used for fittingb(d,f) Two electron populations are used for fittiige fit results: 75 & z6y;

for each population are indicated on the graphs. part of the cungafter the dashed line corresponds to
apartpossibly distorted by the effect of a logarithmic-preplifier, andshould not be used without further
consideration
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Figure 2. Fitting of the voltage sweep acquired during T50 at 1125 km altitugee (&wo electron
populations are used for fitting. ,(hf) Three electron populations are used for fittifige fit results

: 75 & g6y, for each population are indicated on the graptme part of the curves after the dashed line
corresponds ta partpossibly distorted by the effect of a logarithmic-praplifier, andshould not be used
without further consideration
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2.4 The second derivative of the electron cur(dAifdU2). an effective method to detect
the electron populations

The second derivate of the current is a good indicator of the presence of several electron
populations. Each peak corresponds to a population, and its area is globally proportional to the
electron density associated (this is explained in Se&ign Figure3 showsd?l/dU? associated

with the fitted sweepplottedin Figurel and2. Cases with 1 and 4 populations are shawn
Supporting Information Figure5S

The data points are at very low resolution, with only four to ten points per peak. Consequently, the
computation othe second derivative is strongly impacted. This effedtuistratedin Figure3:

the red curve showd?l/dU2computedrom the fit with the (low) resolution of the data points, and

the orange dottedashed line gived2l/dU2with a high resolution (Wit >200 points per peak).

The confidence intervals on the fit resultég( Jz &) for all the populations are also computed
(see details in Appendi®) and are plotted in the Figures of sectdbo Theuncertainty is larger
in the cases with more electron populations, in particular when their paramgtaes close.

(@) T50 - 1241 km - inbound (b) T50 - 1125 km - outbound
: : : . - : : : : ; . -
* data points ! P,:0.76 V- 30 cm™ '
fit high resolution } 80007 k 0.015 eV :
3000 fit low resolution } I 3 i
| P,:0.91V - 495 cm® !
& | 6000 - 0.054 eV :
§ 2000 } P,: 1.05 V- 432 om’® |
(\\1‘5 i 4000 1 -0.098 eV |
> 1000+ ! :

z !

= 1
T | 2000 | !
0 1
1
1

P,:0.59V - 43 cm™-0.020 eV \/ 0
|
| i

-1000| P,:0.75V - 328 cm™ - 0.065 eV

|
i ‘
0.4 0.5 0.6 0.7 0.8 0.9 0.5

Ubias (V)

Figure 3. Second derivative of current for the sweeps show@)ifrigures 1 and(b) Figure2. The fitted
curves shown in Figusel and2 arederived to obtain d2l/dUz, at the resolution of the data points (red line)
and at higher resolution (orange dottiashed line)The fit results: 75 &z&;; for each population are
indicated on the graphghe part of the curves after the dashed line corresporgsatopossibly distorted

by the effect of a logarithmic pr@mplifier, andshould not be used without further consideration
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2.5 Link between the second derivative of the electron currenttendlectron Energy
Distribution Function (EEDF)

This section explains the link between the second derivative of the c(uf#dtJ?) and the
Electron Energy Distribution Function (EEDH} aims to justify the attribution of electrons
populations to peakis the second derivative. The presented method finally gives the Maxwellian
EEDF of each of the electron populations detected on a same measurement.

2.5.1The Druyvesteyn method

The Dwuyvesteyn methodDruyvesteyn, 1930; Lieberman & Lichtenberg, 200&s used to
compute theEEDF from the electron current measured the Langmuir probe. The method is

valid for any convex probe geometry and does not depend on the probe dimension compared to
Debye length, or on the ratia/Te. The EEDF is computed from the second derivative of the
current, and the electron densisyeiqual to the integral of tieEDF Seedetails in AppendiD):

. o _ . t¥t .| g&F 7; @E
& (war 75 L#AEAﬁ A @7°

SEHPIzL £ ""& (K : 7;08@' =J@': 7, LFA7
4

>’?Sa ’?7?

If the Druyvesteyn method is applied to the expression of the current given in Equation (2), it gives
back the expression of an EEB a Maxwellian speed distribution:

t " — '
& (goss s L—= 4G &y 0 &g aF §1F— 7
(/EOee 7B G&fﬁz @A/4 G)Eﬁsz ()

2.5.2EEDF: example with one population

This section present simple case with one electron populationiréduced in Figure S3 and

S5(a)). Figuret compares the EEDF obtainég applyingthe Druyvesteyn methoid the data

points (Equation (6)), WR WKH pOD[ZHOOLDQY ((') FRPSXWHG ZLWK WKF
temperature (Equatiov)). They do not perfectly matcfthe maximum of the peak is shifted)

because of the low resolution thie data points. Indeed, the Druyvesteyn method usestitad

derivative of the current, which is highly distorted because dbthenumberof data pointge.qg.

the sharp initial increase is lowered by this effect)

To show this effect, the Druyvesteyn method is applied to the fit of the current. The EEDE@bta

using a fitting curve at high resolutigr 200 points per pealguperimposesery well with the
HMOD[ZHOOLDQY ((') 2Q WKH RWKHU VLGH WKH ((') REWDLQHG
of the Langmuir probedata pointg4-10 points per peaknatches well with the EEDF obtained

from the data pointsThe EEDF obtained using the Druyvesteyn method or.dngmuir probe

GDWD SRLQWV LV WKHUHIRUH IDLUO\ ZHOO UHSUHVHQWHG E\
of low resolution into account.
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<108 T50 - 1360 km

¥ Maxwellian (high res.)
61 FAAN Druyv. on fit (high res.)

J \‘ =—#— Druyv. on fit (low res.)
St —=+-- Druyv. on data (low res.)
4
3 H
2 |5

0 0.1 0.2 0.3 04 0.5
Energy (eV)

Figure 4. Example of EEDF obtained from Langmuir probe data with only one population using the
Druyvesteyn method (dottethshed black line). Comparison to the EEDF obtained with the Druyvesteyn
method applied to the fit at low resolution (red ling)hagh resolution (orange dotted line), and to the
HOD[ZHOOLDQY ((")JgdndRag(blleVaréa) G

2.5.3EEDF: example with several populations

In the case of data showing several populations, applying the Druyvesteyn method is less
straightforwad: the method requires onplasma potentid 7 whereas the ffigives as muchrg

as populations detected. Figlirshows the case of two populations. The Druyvesteyn method is
applied to the data points using tfig potential from (a) the first population and (b) the second
population.In Figurebb, the twopopulation peakappear in reverse order compared to the plot of
d2l/dUzin Figure 3abecause the-axis is reversed’ L FAZA7 R F 9 E 7.

(@) x 108 T50 -1241 km - population 1 (b) 5 10% T50 -1241 km - population 2

12 Maxwellian (high res.) 1 Maxwellian (high res.)

— =+ Druyv. on pop. fit (high res.) 25. = = - Druyv. on pop. fit (high res.)_

10 " Druyv. on fit (high res.) : 3 Druyv. on fit (high res.)
o * ! —3— Druyv. on fit (low res.) / —*— Druyv. on fit (low res.)
'c 8 1 ——+-- Druyv. on data (low res.) | 2 i 3§/~ Druyv. on data (low res.)
3 1.5
— I peak due to the
LLID: 41 ; I~ presence of P,
w 2%

ot 0.5¢
i b,
-2 : : ' ' 0 ;
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5
Energy (eV) Energy (eV)

Figure 5. Example of EEDF obtained from Langmuir probe data with two populations using the
Druyvesteyn method: (afpr population 1; (b)for population 2.Comparison of theeEDF using the
Druyvesteyn methodn data pointgdotteddashed black lingo the EEDF obtained with the Druyvesteyn
method applied to the fit at low resolution (red line), at high resolution (orange dottedditi®), fit of

9
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only one population at high resolution (dashed blue D) G WR WKH pOD[ZHOOUWRQYT ((') IUR
Gy(area).

Figure 5 shows that in the case of several electron populations, the EEDF computed for one
population with the Druyvesteyn method is disturbed by the other populationsl@gthvalues

of 7 To observe this effect, the Druyvesteyn mdtiwapplied to the fit of the data points with

the two populations (orange line), and to the fitted current corresponding only pojomation

(dashed blue line). Thereford,ane takes into account both the presence of nearby populations
(supplementar peak at higher energgnd the effects of low resolutigshift of the main peak)

WKH ((') IURP GDWD SRLQWYV FDQ UHDVRQDEOQ&hé&ddd BrEaE HO O H G
An example with 3 populations is givenSupporting Information Figure6S

2.5.4 Diversity of EEDF combinations for the different populations

The p0 D [ Z H CEEDd tfheelectronpopulations are comparéa Figure 6 As mentioned in
Section2.5.1, the area under each EEDF corresponds to the @ledénsity of each population
and he position of the maximum of the EEDF is related to the electron temperature.

Figure 6 showshe variability of theelectron distribution (i.e. the changes in electron populations)
for different flybys It illustrates three very different cases obtained at ~1000 km altitude, which
are representative of the three flydrpups (G1, G2 and G3)resentedh detailsbelow, in Section

3.1

() . ® (©) .
45107 T118 - 997 km g x10° _T59 - 999 km 55 %101 7104 - 994 km
Maxwellians Maxwellians Maxwelli:ns

44 P,:74cm™-0019eV | 7 P:73cm™-0010eV || [P, 594cm™-0.029 eV
H . -3
1P, 291 cm™ - 0.055eV 1P, 364 cm™ - 0042V 31 \ =3Py 1604em = 0.053 eV
3.5 —— EEDF (total) 6 1P, 269cm® - 0077 eV| [P, 1804 cm™-0.077 eV
—— EEDF (total) 25 EEDF (total)

0 01 02 03 04 0 01 02 03 04 0O 01 02 03 04
Energy (eV) Energy (eV) Energy (eV)

Figure 6. EEDF obtainedrom Maxwellian populions, at ~1000 km altitude for the flybys: (a) T118
(groupG1l); (b) T59 (G2); (c) T104 (8.
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274  The first case (from the group G1) shows two populations (nam&ad™). The area (and so the
275 electron density) of Rlominates P The second case (G2) e additional population §P The

276 area of Rand Rare equivalent and higher than the area:0ife observe thatsRlistributionis

277 in average at higher energy than th&tributionof P.: its electron temperature is higher. Finally,
278 the group G3 showtill another population @pand R becomes negligible compared to the others.
279 Psdominates Pin density. R characteristics vary with altitude: it can be denser than the others,
280 and itis usually hotter.

281
282

283 3 Resultsand discussions
284 3.1 Variation of theelectron populations with altitude and Solar Zenith Angle (SZA)

285 3.1.1 Variation with altitude

286 Voltage sveeps evolve during a flyby. The number of obsepeagls in the second derivative of
287 the current(d2l/dU?) varies with altitude. Therefore, the numhadrelectronpopulations(and
288 consequently the electron distribution) changes wftitude for a given flyby. We focus on the
289 part of the ionosphere below 1200 Khthe Langmuir probe tookneasurements at these altitudes
290 at the occasion d7 flybys.

291 The curves ofi2l/dU2 asa function of the altitude obtained from the 57 flybys allow to easily
292 classify Titan flybys in thregroups. Eachgrouphas a different number of electron populations,
293 with different characteristicI.hey are described in Tableahd examples of profiles for the three
294 cases are shown in FigureAll the profiles have similad2l/dU? curves araud 12501200 km,

295 showing usually threpeals. However, this curve evolves differently with altitude in the three
296 cases. At lower altituden all cases, there is a main hump formed either by one large peak, two or
297 three peaks (further named, P, P for clarity). In addition, for the profiles of thgroup G3, a

298 small hump detached from the main ong),(Bt higher voltage, isbserved below1200 +1150

299  km altitude.

300

301 Table 1. Definition of the 3 flybygroups and their corresponding flybyBhe flybys studied in detaiis
302 Figure 7 and Scetion 3&te indicated in bold.

— P
] Py 19
Gl 2 separated peaks 21,25-28,55,118119
G2 3 peaks 5, 16,46, 5Q 5659, 65, 117,121
G3 1 large peak (or 2 close) | 17, 20, 23, 313, 4748, 51,83-88, 9192, 95,
+ 1 further, at higher ks 100,104 106108, 113126
Gl/G2 with different characteristics 29-30, 32,120
G2/G3 on inbound and outbound 1819, 36, 4961, 7071
303
304

11
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130ga) d?I/du? on T118 - outbound  (b) d?I/dU? on T59 - outbound  (C) d?I/dU? on T104 - inbound
: il bt ‘ . ! ‘ : ‘ :

PZ e
§ P ™
12500 X ¥ v 1
o o~
YN | 3
10 ) JE=E > = XgEEE
= ¥
Eilsp—— _/GQL
23 ____,{_},_,Q\_— 3
2 ¢ 4
£ 1100 1 1t P By .
= ¢ ¢

1050

1000 & &G _/G_/_\.’-\__i E

950 ‘ ‘ ‘
0.8 1 12 06 08 1 06 08 1 12
305 Ubias (V) UbiaS (V) (V)

306 Figure 7. Examples of d2l/dUprofiles with altitude(a) T118 from G1),(b) T59 (&) and(c) T104 G3).
307 The second derivative dhe electron currerftom Langmuir probe dateblue areais superimposed to
308 d2/dUzfrom thefit (black ling. The scaling of d2l/dU2 is the same for all the plétsows indiquate the
309 peaks corresponding to the 4 populations.

310

bias

311 3.1.2 Variationwith SolarZenith Angle (SZA)

312 The detection of populations Bnd R are strongly dependent on the Solar Zenith Angle (SZA).
313 Figure8 shows the repartition of the electron populations with altitude and SZA in the case of 57
314 Cassini flybys.The population Pappearsalways below ~1200 km amat SZA < 8090° (such

315 flybys belong to thgroup G3), and hecases withoud P population at lower altitudggroup G1)

316 areobserved only on theightside at high SZA (>~120°).

317 The distribution of the 57 flybys in three grougshen closely correlated to their SZA. The group
318 G1 corresponds to flybys on the far nightside (SZA >~120°), G2 to flybys on nightside close to
319 the terminator, and G3 to dayside (SZA <3&D).

320 In conclusion, he variaion with altitude and SZA of theetlected peaks ofi?l/dUz can be

321 schematiedasin Figure9. Each peak is attributed to an electron population am@rig,AP; and

322 P4 At ~12001300 km, d2l/dUz graphs are very similar at all SZA, with three populatian®{P

323  Ps). Below 1200 km, d?l/dUgaries differently depending on SZA: (G1) on the far nightside (SZA
324 >~120°), B disappears; (G2) close to the terminator, the three populations are kept at lower
325 altitudes, with an increase of the area of tag@&ak; (G3) and on dayside; &1d R grow, P:

326 becomes negligible and, Bppears. In some occasionsaRd B peaks merge.

327
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Electron populations
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Figure 8. Detection of electron populations as a function of altitude and SZA, from 57 flybys. Blue squares
represent sweeps with only populationsaRd B, red diamondst®ow the presence o Pand green dots

are for R.

altitude

> 1400 kM o

(G3) day-side
1

T
(G2) night-side (G1) night-side
close to terminator far from terminator

1

PN .

A

merging of B, and B,

Figure 9. Summary scheme of the evolution of d21/dU? peaks with altitude in the 3 oag@sidefar from
terminator (1), nightsideclose to terminatorG2) anddayside(G3). Small arrows indicate the evolution
trends with decreasing altitude.
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3.2Electron densities and temperatures

The results on electron density and temperature are disceeysachtely for each of the 3 groups
(G1, G2 and G3), in the following st#ectiongrespectively 3.2.1, 3.2.2 and 3.2.3).

3.21 Nightsidefar from the terminatofgroupG1)

3.2.11 Typical altitude profiles

Figure10 showsinbound (solid lines) and outbound (dashed lipesjiles of the electron density

and temperaturgpical of thefar nightside(G1). The confidence interval at 95% is indicated with
shaded areas (see computation in AppeixThe dominant population observedrs(blue)

with a rather constant temperature aroungé@ineV(460-700 K)below 11501250 km altitude.

The density of this population peaks at an altitude varying between 1150 and 1250 km altitude.
The population with the lowestyP:, orangg is very constant with altitude. Its density is low,

less than 100 cth Its temperature is around-20 meV(120-230 K), at the detection limit of the
probe.In addition, a third population appears,(Red at the ionospheric peak, when the total
electron density exceeds 500 &nit has a temperature higher than the other populations, around
60-90 meV(700-1040 K)

T118 | P, —%— P, 3P,

1300 1300

E201D‘ |+ otal E2013|

1300

1250 1250 | 1250

1200 | 1200 | 1200

1150 | 1150 | 1150

-

—_

o

o
T

1100 | 1100

Altitude (km)

1050 | 1050 | 1050

1000 | 1000 | 1000

(b) (©)
: ‘ 950 : : 950 ‘
0 005 01 015 0 200 400 600 0O 500 1000

T, (eV) n, (em?) n, (em?)

950

Figure 10. Electrontemperature (a) argensity(b,c) profiles in the case df118,an example of &1 group
flyby (far nightsidg; inbound (lire) and outbound (dashed linggsults for the different populations, P
and R (colors) Thefit confidence intervalat 95%areindicated in colored shaded ar&he total density
(sum of the densities of all the populatipissindicated irblack. Comparison tedberg et al. (2013, 2010)
respectivelynoted E2013 and E2010 (grey).
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360 The total electron density obtained is comsistwith previos measurementacquired with

361 different method¢Agren et al., 2009; Edberg et al., 2013; Garrmit al., 2009)The comparison
362 of our fit to the density measurementsigberg et al. (2013erves as a validation to@&s for

363 electron temperaturgesults are compared to pmevious analysis(Edberg et al., 2010)This

364 previous analysigsuallygives an electron temperature between the fmend for R and B, and

365 thereforesometimescolder than the dominant populatioreemperatureFor instance, in the
366 case of T118 shown in Figud®, they obtained a temperature not representative of the main
367 population of electrons 6P It shows thausing several electron polations in the fitting of the
368 sweeps significantly improves the analysisce itattributes a temperature for each population,
369 and consequently, the temperature of the dominant electron population can be found without
370 ambiguity.

371

372 3.21.2 Necessity tatfmultiple populations

373 Even if the population Pis not abundantit is necessary to fit it separately from the main
374 population P to avoid a hot bias on the determination of the temperature &bPcomparison,
375 we studied the case where the currenteis fittedusing only one population, as shown in Figure
376 1la The results are compared in Figurk Eorcing only one electron population2{ark blue)
377 overestimates the temperature of the dominant populatiofigt blue)by ~0.01 eV(~120 K)
378 In addition, the total electron density increases of ~10% andagsgerconsistent with the density
379 measured b¥dberg et al. (2013)

(@) (b) (©)

380

381 Figure 11. Same a$igurel0, superimposed to the @&nd n profiles obtained with only one population to
382 fit Py and B when their potentials are close enough (i.e. below 1200 km for inbound, and below 1300 km
383 for outbound).
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3.21.3 Discussion on the origin of Bnd P

On the nightsidefar from the érminator, ionization is nagoverned by solar photons, but by
energetic particles coming from the magnetospb&geen et al., 2007; Cravens et al., 2008
thereforeassumehat the dominant electron population)(B3 the bulk of thermalized electrons
initially formed by energetic magnetospheric particles.

The other populatiopresent at all altitudg Py, is certainly due to electromsnitted by thenearby
probeboom from collisions with energetic particlesSuch electrons are created on tearby
surface, they have low energyand are easily caught back. Therefore; Borresponds to the
population with the lowepotentialUp.

Ps is discussed in the following sections, as it is observed in higher quantigesuis G2 and
G3.

3.22 Nightsideclose to the terminatdigroup G2)

3.22.1 Typical altitude profiles

Flybys onthe nightside close to the terminafe®0° < SZA ~< 140°showthe presence of the
third population at all altitudes (see Figud®.

(@) (b) (©)

Figure 12. Same a$igurel0, in the case o 59, an example ai G2 groupflyby (nightsideclose to the
terminatoy.
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The total electron dergiis globally higher than for Gflybys (farnightsidg, which is expected
because of thecloser influence of photoionization omlayside (Agren et al., 2009) The
temperatures observed for the three poputatiare sintar to the ones of Gflybys: R below 20
meV (~230 K, orange)P. generally between 30 and 50 mé350-580 K, blue)and R at 6680
meV (700-:930 K, red)

3.22.2 Necessity to finultiple populations

The addition ofthe third population(Ps) does not disturb the fitting of the two first populations.
Besides, it is necessary to include it to obtaiatalelectron densitgimilar toEdberg et al{2013)
This effect is shaed in Figure 3. It compares the results obtained in Figu2evith results of a
fit that does not include the population, Rs plotted in Figur@ (a). Then,the temperatures
obtained for Pand B are almost unchangelit the total electron density deeases of 25%.

(@) (b) (©)

Figure 13. Same a&igurel2, superimposed to the &nd n profiles obtainedor P, and B whenPs is not
fitted.

3.22.3 Discussion on the origin o P

The fact thaPs is observed ownlayside(G3) but not on the famightside(G1), suggests that is
due to the efficient photmnization processes happening on tteg/side whose influence is

17
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425 extended by transport as far as thghtsideclose to the terminatoHowever, one should also

426 considera possible effect of the active ion chemistry happening in these regions on the
427 characteristics of the electrgopulation B. In particular, thaonosphereenvironment a the

428 nightside tose to the terminator is enablitige growth of large ions, whick otherwisedisrupted

429 under direct extreme UV fluxdShebanits et al., 2017b, 2017a; Wellbrock et al., 2019)

430

431

432 3.23 Dayside(group G3)

433 3.23.1 Typicalaltitude profiles

434 On dayside, a new populatiorufRppearsn theLP sweep datat a potential7g higher tharfor

435 P., P and R. Its temperature is generally higher than for the other populations, up to (G-1¥80

436 K, green. This population appeaosly at altitudes below ~12680150 kmand its density increase
437  with decreasing altitude. In some ca¢€$7, T20, T85, T88, T104, T108f even becomes the
438 dominant population below 108000 km, as shown in Figured.1lContray to the constant
439 profiles onthenightside the temperatures of all the populations decrease slightly with altitude, of
440 ~0.03 eV(~350 K)in 200 km.

441

@) (b) (©

442
443  Figure 14. Same a§igurel0, in the case of @104, an example of @3 groupflyby (daysidé.

444
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445 3.23.2 Necessity to fRRs and fusion of Pand B

446 The electron populationsfs often noAnegligible and shouldlwaysbe taken into account when
447 presentAn example of the results obtaingdP, is not fittedis givenin Supporting Information
448 Figure 9. The results are similar to Secti8r22.2: he (W, ne, Te) resultsfor the other populations
449 are not impacted, btthe total electron densitg underestimatedy up to 30%.

450 In some cases, the fitting of Bnd B can be ambiguous, especially at lowkitides. The use of
451 two distinctpopuhtions is required to obtain a very gdating (examples of sweeps are given in
452  Supporting Information Figure8}andis consistenacross alkltitudes (see Figuré for T104).
453 Neverthelessthe fusion of P and R at lower altitudes irG3 flybys happens smoothly: at one
454  point, fitting with two or three populations gives globally the same resultsed®mes negligible
455 compared to £ An example ofhe i and Te profiles obtainedvhen B and R are fitted by only
456 one pulation at lower altitudés given in Supporting Information FigureSS The total electron
457 density stays globally the saméiet temperature of the mapopulation is not impacted andeth
458 population R generally stays in the range of its large error bars.

459

460 3.23.3 Discussion on the origin B andP4

461 Similarly to thenightside P. electronson the daysidare cetainly emitted by the probleoom
462 However, ondayside the photemission is also possiblén this case, the emitted electrons
463 observed are hotter than nightside

464 The population Pis only detected odayside We argue here that it is not an instrumental effect
465 but rather due to dusty plasma

466 - Enegetic photons and particles cdetach electrons from the surface of the spacecraft.
467 Nevertheless, in the ionosphere the electrons are cold enough to prevent these spacecraft
468 electrons to reach the Langmuir prqdéang et al., 2015)indeed, the Debye length in the

469 ionosphere is always belo¥).5cm, far lower than the distance between the spacecraft and
470 the Langmuir Probeathich is on al.5 mboom).

471 - The spacecraft motion cannot explain the presence of several electron populations. With
472 energies from 0.02 to 0.08 eV in the ionosphere, theretexbf the various populations have

473 a thermal velocity of 85 to 170 km/much larger thathe spacecraft velocity (~6 km/s).

474 Therefore, there should be no difference in the electron collection from all around the probe.
475 - The perturbation of the collesd current by organic deposit on the surface of the probe is not
476 likely. In theory, the complex organic chemistry happening in the ionosphere could possibly
a77 lead to the formation of a deposit on the surface of the probe during-ttte hihutes long

478 ionosfhere pass. Such a film coating, depending on the surface coverage and dielectric
479 properties, would indud@e detection of several electron components in the swidep®ver,

480 no indication of this has been observed when comparing the swe€dR Z QY D@@ pXST
481 Section 2.1, Appendix A and Supporting Information Figurg Bdditionally, the probe is

482 cleanedbetween two flybys (see Secti@nl), and observations during the inbound and the

483 outbound are very similar (in tlrase of flybys with inbound and owtlind at similar SZA).

484 - P4 is possibly due to a dusty plasma efféatleed, it is not predicted byirent ionospheric

485 modelsthatdo not include the effect of the charged dust grains or aerosols on the electron
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populations. The fourth electron populatisronly detected in the regions where dusty plasma
has been previously measuf&hebanits et al., 201,8his suggests the charged dust grains to
be the cause, eithas a source or a disruption of the ambient electrdnis. possibility is
investigated in paper II.

4 Conclusions

The reanalysis of the Langmuir probe dat®i 7LWD Q fV LR Q RevE iKdigbtsioEtbeR X J KW
behavior of the electrons in this environment.

Thedetailedanalysis of the data revealed the presence of several electron populations, at different
potentials, and with different eleotr densities and temperatures. We have shown thaetond
derivative of the electron current collected by the lmang probe during a voltage sweep is a
useful tool to detected the presence of several electron populations, especially as it is linked to the
electron energy distribution function (EEDH)ruyvesteyn, 1930)With the evolution of the
second derivative dhe current with altitude we observed the evolution of the electron populations
with altitude in three different conditions: farghtside(T118), nightsideclose to the terminator

(T59) anddayside(T104).

Two populations (with the lower potentials) areegent in nearly all conditions. The third
population is not observed on the faghtside and the fourth is detected daysidebelow 1200

1150 km. Wehaveinvestigated the fitting of the electron current curve Witto 4 populations

with a systematic@roach on all flybys that validated the presence of 2, 3 or 4 populations only
depending on the altitude and the solar illuminatdmigorous testing on the number of fitted
populations showshat the fitting of all the detected populatiofi®. the wiole electron
distribution)is necesary to obtain a correct f#nd retrieve the total electron density previously
deduced frondifferent method¢Agren et al., 2009; Edberg et al., 2013; Garnier et al., 2009)

We suggestegbossible origis for the four populations:

- P1electrons, with theowest pdential and a low density, aesitted by the probkoom

- alikely cause for the- electras,foundevenon the famightside is the thermalizabn of
magnetospheric electrons;

- Pz electrons, not present on the feghtside are likely to berelated to photedonization;

- and R electrons, observed at lower altitudes dayside are plausiblylinked to dusty
plasma effects.

These four populations are studied in more details in paper Il that performs a complete
investigation on all the Cassibangmuir probe dataset in the ionosphere of Titan.
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Appendix A.

We investigated the reproducibility of the measurements with the two voltage sweeps (hamed
HGRZQY DQGWKBIGRXEGH PHDVXUHPHQWY DW-HGREK Q'R @MWIBJ H
HXSUKS 1 )J)LIXUH $ VKRZV WKH FRPSDULVRQ

(@) (b) (€)

(d) (e) (f)

Figure A1l. Raw data of the acquisition of a LP sweep. Left: data from the decreasing (a&sst:point
DFTXLUHG pGRZQ f VHFRQG SRLQW DFTXLUH G(bheiRdfi@refice WKH DY
MHGRZAZBRZQ J§ O0OLGGOH WKH VDPH, IrespectvéyH(b) ahé (@Right (cYtde SKDV H
average for the decreasingahdd FUHDVLQJ SKDVHV WKH DYWKBUUH &L IERWHKQ b Y
GRzZQY )URP D PHDVXUHPHQW DW a NP GXULQJ WKH 7LWDQ I0O\E
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The two data points taken at a same voltage step during the decreasing voltagepypBaR&Z Q 1

DQG uGRr2@iways very close to each other: the current stabilizes quickly at after each
voltagestep+t RZHYHU GXULQJ WKH LQFUHDVLQ thexckRr@wdrtiHuesS KDV H |
to increase between the two measurements: the current takes longettize sespecially in the

strongly varyingexponentiaparts of the sweep.

FigureA2showV WKH YDULDWGRRDY 1 GREI) DQIEGCRXYT ZLWK DOWLW)
26 flybys ondaysideand 8 flybys omightsidefar from the terminatoin each case, wselected

the largestdifference of current and the maximum of the averaged current in the voltage range

[Upl +0.7, Upl + 0.3], Upl being the plasma potential of the first population (it is located at the
beginning of the increase of the current and isenprecisely defined below). FiguAe2 shows

their ratio (difference / average) asi XQFWLRQ RI DOWLWXGH ,Q DO FDVHYV
G R Z (blyk triangles)s very smallas opposed tu X S X S (drange squareshat ranges from

9t023%. TIHH GLII1HU HQR ARlapkStarsjs often negative, and inferior to 10% in absolute

values.

7KH GLITHUHQFH EHWZHHQ pXS § DQG puXS § VKRZV WKDW WK
increases between the acquisition of the two points on a saltages stepOn nightsideflybys

(FigureA2b) WKH GLIITHEHK® FHYDXNEHYV VPRRWKO\ ZdbyaidefybBBW LW X GH
(FigureA2a)a sudden change in the difference is always observed between 1100 and 1200 km.

(@) (b)

Figure A2. OD[LPXP GLIIHUHQFHV RI| WERZBXYV WMEW DUEFRRIZVT LQ WKH
voltage range [UpH0.7, Upl + 0.3] as a function of altitude. The maximum differences are divided by the
maximum of the averaged current to facilitate the compaasalifferent altitudes. (a) Flybys oayside

(b) Flybys omnightside far from the terminator.
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574  Appendix B. Algorith to fit the voltage sweeps with several populations

575 To constrain the fiilng of voltage sweepa the case of several electron paiidns the following
576 procedure is used:

577 1/ detection of the increase of the current (generally above 0.8 nA) and of the saturated part
578 (Uiim);

579 2/ search for peaks in the second derivative of the cufdéitU?) in the voltage interval

580 defined in 1/;

581 3/ selection of the part of theoltage sweegl1) with a voltage inferior to the potential

582 corresponding to the minimum dfl/dU2between the two first peaksr < Uin if there is only

583 1 population);

584 4/ fit of the current curve for the first populatiovith Equations (2) andsf in the reduced

585 voltage interval 1

586 If there is more than 1 population:

587 5/ selection of the part of the curve)(With a voltage inferior to the potential corresponding
588 to the minimum ofd2l/dU? between peak 2 and peak 3 (rUim if there are only 2
589 populations);

590 6/ fit of populations 1 and 2 with two set of Equations (2) &)dn( the reduced voltage
591 interval b, the initial parameters for the fit of the first population being given by 4/;

592 If there are more than 2 poputats:

593 7/ selection of the part of the curve)(With a voltage inferior to the potential corresponding
594 to the minimum ofd2l/dU? between peak3 and peak4 (or < Uim if there are only 3
595 populations);

596 8/ fit of populations 2 and 3 with two set of Equatidi2) and %) in the reduced voltage
597 interval k, the initial parameters for the fit of population 2 being given by 6/. The contribution
598 of population 1 is beforehand removed, based on the fit results in 6/;

599 If there are more than 3 populations:

600 9/ selection of the part of the curve)(With a voltage inferior to kh;

601 10/ fit of populations 3 and 4 with two set of Equations (2) &)dn(the reduced voltage

602 interval L, the initial parameters for the fit of population 3 being given by 8/. Theeilbotions

603 of populations 1 and 2 are beforehand removed, based on the fit results in respectively 6/ and
604 8/;

605

606

607

608 Appendix C. Confidence intervak for fit results

609 The parameters fitted are not directlyg Jz 6), but (7ea4dJL s G, with Gzthe electron
610 temperature in electron volthe confidence intervals for the last three parameters are obtained at
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611 95%. The standard deviation is then easily deduced’fand 65 ConcerningJg the standard
612 deviation (&) is obtainedby the following equation, derived from Equation (3) applied to
613 electrons:

R ¥tel g Y R

614 with 4and Uobtained by the fit, anej, and € their standard deviations.

615

616

617

618 Appendix D. Equation linking the EEDF to thesecond derivative of the current (Druyvesteyn

619 method)

620 The equation for the electron velocity distribution as function of the second derivative of the
621 electron current is given by the equation (3Pmiyvesteyn(1930)

6.7,Lm,,7,,@—76 > #3574 772 (D-1)

622 Electrons with a speed betwe&and RE @ IRave energies betweénand ' E @, therefore:

0:Ra@R ""&(:' ;4@ (D-2)
623 The derivative of the speed with respect to energyesn by:
s @R 5
' L—tl,Z,R6 LP Glitle "8 (D-3)
624 Therefore, we obtain the EEDF by dividing the electron speed distributio¥ thyg' , with
625 ': 7; L FAAT
N o _t¥ .| &F 7; @E }
& (wal 7ilor A @7 >7°d 777?
o (D-4)
SHPIGL £ ""& (K : 7;04@"'
4
626
627
628
629
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