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Conclusion : the Langmuir probes are not only 
detectors for cold and dense ionospheric 
plasma, but can also provide information 

about hot magnetospheric plasma 



Introduc?on	  :	  what	  is	  a	  Langmuir	  probe	  ?	  

ü  Classically used in laboratory experiments, often onboard 
planetary missions (Astrid2 / Demeter / Rosetta / 
MAVEN / Cassini / JUICE ...) 

ü  A Langmuir probe (LP) is a conducting sphere mounted on a 
boom. Its potential (Ubias) is artificially varied to collect 
ions or electrons depending on the sign of the potential. 

ü  The fitting of the curve Current = f(Ubias) allows to 
extract many plasma characteristics : electron (ne) and ion 
density (ni), electron temperature (Te), spacecraft 
potential (Usc) 

Problem : limited to low temperatures (< few eV) and high 
densities (> several part/cm3) 

 mostly used for ionospheric plasma 



Examples	  of	  LP	  magnetospheric	  studies	  
Mapping	  of	  equatorial	  cold	  electron	  
density	  in	  the	  outer	  magnetosphere	  
(L>10)	  by	  Morooka	  et	  al.	  (2009)	  
Low	  densi%es	  measured	  from	  a	  proxy	  
based	  on	  the	  floa%ng	  poten%al	  of	  the	  
Langmuir	  probe	  

Mapping	  of	  equatorial	  cold	  ion	  density	  
and	  velocity	  in	  the	  inner	  magnetosphere	  
(L<7)	  by	  Holmberg	  et	  al.	  (2014)	  
A	  day-‐night	  asymmetry	  for	  both	  ion	  
density	  and	  velocity,	  poten%ally	  induced	  
by	  the	  radia%on	  pressure	  force	  on	  E	  ring	  
dust	  grains	  (≈	  addi%onal	  electric	  field	  of	  
0.1–2	  mV/m)	  



Can we also derive information about 
hot plasma from the LP observations ? 



Which currents are measured ? 

I = Ii + Ie + I ph,Ly−α (+Ie*,i* + Idust ) =
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Origin of the observed “belt” 
Only the current Ie* of energetic electrons (and their induced 
secondaries) can explain the observations. 

I = Ii + Ie + I ph,Ly−α (+Ie*,i* + Idust )
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Origin of the observed “belt” 

Garnier	  et	  al.	  2012	  

De	  Jong	  et	  al.	  (2011)	  

Mapping	  the	  ion	  side	  current	  (and	  thus	  Ie*)	  
of	   the	   LP	   reveals	   the	   radial	   profile	   as	  well	  
as	   the	   day-‐night	   asymmetry	   of	   hot	  
electrons,	   with	   similar	   results	   to	   CAPS	  
measurements	   (Schippers	   2008	   ;	   De	   Jong	  
et	  al.	  2010,	  2011)	  	  

nA	  

CAPS	  	  
12-‐100	  eV	  
electrons	  

LP	  ion	  side	  current	  



The plasmapause-like boundary at Saturn 

Mapping	   the	   ion	   side	   current	   of	  
the	  LP	  reveals	  the	  electron	  density	  
gradients	   inside	   L=6-‐10	   and	   may	  
t h u s	   h e l p	   t o	   l o c a t e	   t h e	  
p lasmapause-‐ l ike	   boundary	  
iden%fied	  by	  Gurne`	  et	  al.	  (2010).	  	  
	  
This	   boundary	   may	   also	   be	  
coincident	   with	   the	   separa%on	  
between	   closed	   and	   open	   field	  
lines	  regions	  
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  Modeling the energetic current of the LP 

Boltzmann	  
term	  

Incident	  electron	  distribu?on	  func?on	  
(given	  by	  CAPS	  anode5)	  

Secondary	  
electron	  yield	  
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the photoionization of the probe surface, and the contribu-91

tion due to the incident energetic electrons (Ienerget, which92

includes the incident, backscattered and induced secondary93

electrons).94

The current for negative potentials (ion side) I− is95

parametrized by a linear equation during the data analy-96

sis process :97

I− = m− bUB (1)

where m and b are respectively the DC level (corrected98

for the spacecraft attitude) and slope of the fitted current-99

voltage curve on the ion side. These two parameters are the100

most important observables of the LP for negative poten-101

tials, then used to derive the ion parameters. G13 showed102

that the energetic electrons impact both m and b, with con-103

tributions called respectively Iener and bener. Off the equa-104

tor (Z > 2 RS), these contributions extracted from the LP105

measurements may be approximated by :106

{

Iener ≈ m− Iph
bener ≈ b

(2)

where the photoelectron current Iph was derived by Holm-107

berg et al. [2012].108

2.2. The Cassini CAPS ELS electron data

G13 demonstrated that the energetic contributions Iener109

and bener may be modeled based on the knowledge of the110

electron distribution. We will here focus on the two theo-111

retical methods, called ”full distribution method” and ”mo-112

ments method”. These methods need the respective follow-113

ing electron data from the CAPS-ELS instrument onboard114

Cassini :115

• the full electron distribution consists of the differential116

number fluxes (keV.cm2.sr.s)−1 of all the CAPS-ELS 63 en-117

ergy channels from 0.53 eV/q (lower value of bin number 63)118

up to 28.3 keV/q (upper value of bin number 1)119

• the 3D electron moments (ne, Te) derived by Lewis120

et al. [2008] assuming an isotropic Maxwellian distribution121

; since the lowest energy detected by CAPS is 0.6 eV , a122

threshold at 0.6 V or (to avoid checking for the number123

of counts measured) at 1 V is appropriate to avoid the data124

which cannot be trusted (G. Lewis, private communication).125

Moreover, only the CAPS data from anode 5 are used,126

since it is the least affected by the spacecraft structures.127

3. The modeling of the energetic contributions
Iener and bener

This section summarizes (see G13 for the detailed de-128

scription) how the energetic contributions Iener and bener129

may be modeled, using either the full distribution or the130

moments method.131

The current Ienerget induced by the presence of energetic132

electrons (and of subsequent backscattered and secondary133

electrons) may be given by :134

Ienerget =
2πe
m2

e
ALP

∫

∞

0

Efie(E)(1− δe(E)− ηe(E))dE

∗ e
eU

kBTe (3)

with me the electron mass, ALP the surface of the spherical135

probe (whose radius is 0.025 m), E the incident electron en-136

ergy, fie the incident electron distribution function, δe the137

SEEY function for the LP surface, ηe the backscattering co-138

efficient, kB the Boltzmann constant and Te the incident139

electron temperature.140

We chose the SEEY function of Sanders and Inouye141

[1978] : δe(E) = c(e
−E
a − e

−E
b ) with a = 4.3EM , b =142

0.367EM and c = 1.37δemax , and where EM is the peak143

energy of the SEEY curve (∼ 350 eV ) and δemax is the144

maximum yield value. The literature provides a large possi-145

ble range of values for δemax (i.e. 1.1− 2.4, see Baglin et al.146

[2000]; He et al. [2001]; Walters and Ma [2001]; Lorkiewicz147

et al. [2007]) for surface compositions similar to the Cassini148

LP, but G13 managed to estimate more precisely the most149

appropriate values depending on the method (full distribu-150

tion or moments) used and on the dataset selection consid-151

ered.152

The backscattering coefficient was taken constant at ηe =153

0.3 based on Monte Carlo simulations (M. Belhadj, French154

Aerospace Laboratory, private communication) for TiN sur-155

faces which give ηe(E) ≈ 0.2− 0.4.156

The energetic current Ienerget impacts both the m and b157

parameters derived during the LP data analysis, respectively158

through Iener and bener which may be modeled using the full159

distribution or the moments method. The full distribution160

method leads to :161

{

Ienerfull = −
10πALP A(

kBTe
e −37/2)

27

∫

∞

0
F (E)(1− δe(E)− ηe(E))dE

benerfull = − 10πALP A
27

∫

∞

0
F (E)(1− δe(E)− ηe(E))dE

(4)
with (sh hyperbolic sinus function) :162

A =
2
27

e
e(Vfloat−37/2)

kBTe sh(
27e

2kBTe
) (5)

and with F (E) the initial differential number fluxes F (E)163

(keV −1.cm−2.sr−1.s−1) measured in each of the 64 energy164

channels, related to the distribution function fie (s3m−6)165

by the following relation :166

fie(E) ∼
5m2

eF (E)
eE

(6)

The moments method leads to :167

{

Ienermoments =
AneKL(

kBTe
e −37/2)

27

benermoments = −AneKL
27

(7)

with168

K =

√

kBTe

2πme
ALP e (8)

169

L = 1− ηe +
cb2

(b+ kBTe)2
−

ca2

(a+ kBTe)2
(9)

Since the maximum yield δemax is poorly known for the170

LP surface from the literature (as detailed above), G13171

derived expressions allowing to estimate the δemax value172

needed to reproduce exactly the measured energetic contri-173

butions Ienermeas or benermeas at each time interval. These174

expressions are :175

⎧

⎪

⎪

⎪
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⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

δemaxIener
=

A(
kBTe

e −37/2)

27
2πe
m2

e
ALP

∫
∞

0 Efie(E)(1−ηe)dE−Ienermeas

A(
kBTe

e −37/2)

27
2πe
m2

e
ALP

∫
∞

0 Efie(E)
δe(E)
δemax

dE

δemaxbener
=

−A
27

2πe
m2

e
ALP

∫
∞

0 Efie(E)dE−benermeas

−A
27

2πe
m2

e
ALP

∫
∞

0 Efie(E)
δe(E)
δemax

dE

(10)
with the incident electron distribution function fie which176

may be calculated either from the full distribution or from177

the electron moments.178

4. The influence of the incident electrons
pitch angle anisotropies
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with the incident electron distribution function fie which176

may be calculated either from the full distribution or from177

the electron moments.178

4. The influence of the incident electrons
pitch angle anisotropies

BackscaSering	  
coefficient	  

The secondary electron yield depends highly on     (maximum value), which is  
a poorly known characteristic of the LP surface 
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• Lin and Joy [2005] : δe(E) = 1.28δemax
E
EM

−0.67
(1− e

−1.614 E
EM

1.67

)562

• Sanders and Inouye [1978] : δe(E) = c(e
−E
a − e

−E
b ) with a = 4.3EM , b = 0.367EM563

and c = 1.37δemax564

with δemax - maximum yield value - and EM - peak energy - being free parameters to565

be determined for the LP surface composition. The δemax value will be chosen arbitrarily566

at first in section 5.2. We will then propose a method to determine its best value and567

compare with laboratory measurements in section 5.3. The peak energy EM is chosen at568

∼ 350 eV based on G12 .569

The fig 9 shows a comparison between the three proposed yield functions, assuming570

an arbitrary value of δemax = 2. The yield by Lin and Joy [2005] is the largest at high571

energies and the smallest at low energies, whereas the function by Sternglass [1957] is572

the largest at low energies and close to Sanders and Inouye [1978] at high energies. The573

influence of the choice for the yield function is not significant as will be shown in section574

5.2. A unique reference will be used : Sanders and Inouye [1978], since this yield curve is575

in between the two other references, and its use is convenient for analytical integrations.576

5.1.2.2. The electron backscattering coefficient577

The backscattering electrons are mostly significant at low incident energies (few eV ).578

A backscattering coefficient may be however included for detailed calculations. This579

coefficient depends on the exact surface composition, the incident electron energy or the580

incidence angle of these electrons. Monte Carlo simulations (M. Belhadj, French Aerospace581

Laboratory, private communication) for TiN surfaces give ηe(E) ≈ 0.2 − 0.4. We thus582

choose as a first step a constant backscattering coefficient at 0.3.583

D R A F T September 12, 2013, 11:33am D R A F T

u  The current due to incident/secondary/backscattered electrons is : 

u  One then needs to calculate the corresponding energetic contributions to the 
DC level (Iener) and slope (bener) of the current-voltage curve which are our 
observable characteristics : 

Ienerget = Iener − benerUb



Modeling the energetic current : results 
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Estimating the hot electrons characteristics 

v  For a maxwellian electron distribution function, the equations for the 
DC level and slope of the I-V curve lead to : 
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Iener

bener
=

kBTe

e
− 37/2 (12)

or
TeeV =

Iener

bener
+ 37/2 (13)

This simple expression suggests the possibility to derive312

maxwellian electron temperatures in the regions where the313

energetic electrons (100 − 500 eV electrons) have a signifi-314

cant influence on the LP observations. This would enlarge315

the LP capabilities regarding the electron temperature mea-316

surement, which is usually limited by the extent of the volt-317

age sweep (i.e. to electron temperatures below ∼ 32 eV in318

the magnetosphere).319

This capability was first analyzed based on the following320

several case studies :321

(a) 2008 May 18th 01 : 40 − 02 : 10 UT : this period was322

analyzed in our previous papers (see G12 or G13 ) and323

reveals the influence of a PAD anisotropy ; the L Shell324

is between 7.0 and 9.6 and |Z| is above 2.4 RS325

(b) 2007 December 19th 16 : 00 − 17 : 50 UT : this period326

was analyzed in section 4327

(c) 2008 April 30th 06 : 08 − 07 : 25 UT : the L Shell is328

between 7.0 and 9.0 and |Z| is above 2.6 RS329

(d) 2008 May 25th 18 : 53 − 19 : 25 UT : the L Shell is330

between 7.2 and 9.0 and |Z| is above 2.7 RS331

The energetic contributions Iener and bener were derived332

during the four periods, as described in section 2.1, lead-333

ing to the estimated electron temperature using equation334

13. The figure 3 shows the comparison between the mea-335

sured and estimated electron temperatures during the four336

periods. Half of the data correspond to spacecraft poten-337

tial values above 0.6 (i.e. the threshold energy of ELS),338

which should however not impact much the measurements339

given the large electron temperature during the time inter-340

vals. Low positive slope b values (below 2 ∗ 10−3 nA/V ) are341

encountered during a part of the two first periods.342

The estimated temperature is thus very close to the mea-343

sured temperature, all the more for the time steps where344

the slope b of the current-voltage curve was large. Large345

slope values correspond to a strong influence of the ener-346

getic electrons (as shown by G13 ), and thus to an expected347

good estimation of the electron temperature from the ratio348

Iener
bener

. The relative absolute errors between the estimated349

(for b > 2∗10−3 nA/V ) and measured electron temperatures350

are respectively, for the four periods, of about 76% (panel351

a), 29% (panel b), 18% (panel c) and 24% (panel d).352

The largest error corresponds to a period (i.e. 2008 May353

18th 01 : 40 − 02 : 10 UT) where the anode 5 of the354

CAPS ELS instrument was scanning through a probably355

anisotropic PAD, leading to a modulation of the electron356

temperature derived from this anode measurements. The357

anode 5 pitch angle was indeed varying sinusoidally and is358

strongly anti correlated with the electron temperature pro-359

file measured (as well as the electron density, see figure 5).360

The pitch angle coverage (combining all anodes) was how-361

ever too small during this period to investigate in detail the362

anisotropy issue as in section 4.363

Beyond these case studies, a statistical analysis was also364

performed based on the LP data from February 1st 2005365

to July 30th 2008 (with more than 250 000 time intervals)366

previously used by G13 . The figure 4 shows the mean ratio367

between the estimated and measured electron temperature,368

for different sub-selections of the large dataset, as a function369

of the measured b slope. The figure confirms that the mean370

ratio is close to one for large positive slope values, with a371

ratio at one within a factor of two (including the error bar)372

for b > 2 ∗ 10−3 nA/V , or a ratio at one within a factor of373

two (excluding the error bar) for b > 0.5/1∗10−3 nA/V , for374

any sub-selection of the large dataset. The large ratios near375

b = 0 nA/V are artificially induced by the almost infinite376

value of the ratio Iener
bener

.377

However, a correlation analysis between the estimated378

and measured temperatures (using the data in the L range379

6.4 − 9.4 RS , with |Z| > 2 RS and b > 2 ∗ 10−3 nA/V )380

reveals a limit for the Te estimation, with a positive Pear-381

son’s correlation factor of about 0.32 only. A Fisher test382

[Press et al., 2007] nonetheless confirms the significance of383

the correlation, with a ratio between the experimental and384

theoretical (for 5% level of risk) Fisher statistics of 24.9 :385

there is thus a negligible risk (probability of ∼ 1.5 ∗ 10−21)386

that the estimated electron temperature is actually indepen-387

dent from the measured temperature.388

Despite a non perfect correlation with the measurements,389

we showed that large electron temperatures may be derived390

in the regions where the energetic electrons strongly influ-391

ence the LP observations, i.e. when the electron tempera-392

ture is in the range ∼ [100 − 500] eV , which is observed in393

the L range 6.4 − 9.4 RS at Saturn and may be identified394

from the LP observations through large positive values of395

the current-voltage slope b (b > 1 − 2 ∗ 10−3 nA/V ). This396

not only allows to extend the electron temperature mea-397

surement capabilities of the LP (beyond the voltage sweep398

extent), but also allows to derive small electron densities399

below the usual limits of the LP (i.e. several cc).400

6. Deriving the associated electron density

The Iener and bener theoretical expressions from the mo-401

ments method (equation 7) correspond to a system of two402

linear equations with two variables being the electron mo-403

ments (ne, Te), as long as we assume the maximum yield404

value of the LP surface is known. If we use the electron405

temperature estimated in the previous section, we may then406

derive an independent estimate of the electron density in the407

regions where the energetic electrons have a strong influence408

(and where the electron density is usually small compared409

the classical LP measurement capability).410

The electron density may thus be estimated from the
Ienermoments parameter :

neest =
27Ienermoments

KLA(kBTe/e− 37/2)
(14)

The figure 5 shows the resulting density estimate, assum-411

ing a maximum yield value δemax = 1.5 (in agreement with412

the values provided in table 2 of G13 ) during the same four413

time periods as in figure 3. The estimated density is shown414

for several selections of the data (based on the slope b val-415

ues), and compared with the CAPS measured density. We416

also show the maximum yield value needed to reproduce the417

exact value of the energetic contribution Iener at each time418

step (same method as for the panel c in figure 2), that may419

be slightly different from the 1.5 value assumed to derive420

the density estimate. Finally, the figure also provides the421

estimated density based on another technique, based on a422

proxy between the floating potential measured by the LP423

and the electron density measured during the Saturn Orbit424

Insertion in 2004 (see [Morooka et al., 2009]). This technique425

provides small electron densities in the Saturnian magneto-426

sphere, but several instrumental limits prevent its use at any427

time, leading to available proxy densities for only two of the428

time periods considered here (except a few data in panel d).429

The figure reveals a good agreement between the mea-430

sured and estimated densities (with b > 1 or 2∗10−3 nA/V )431

: the mean relative absolute errors are respectively of about432

48% (panel a), 38% (panel b), 30% (panel c) and 76% (panel433

d). The largest error (panel d) corresponds to a period where434

the needed maximum yield is very stable but rather at 2435

than 1.5 as assumed, and where the temporal correlation is436
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Iener

bener
=

kBTe

e
− 37/2 (12)

or
TeeV =

Iener

bener
+ 37/2 (13)

This simple expression suggests the possibility to derive312

maxwellian electron temperatures in the regions where the313

energetic electrons (100 − 500 eV electrons) have a signifi-314

cant influence on the LP observations. This would enlarge315

the LP capabilities regarding the electron temperature mea-316

surement, which is usually limited by the extent of the volt-317

age sweep (i.e. to electron temperatures below ∼ 32 eV in318

the magnetosphere).319

This capability was first analyzed based on the following320

several case studies :321

(a) 2008 May 18th 01 : 40 − 02 : 10 UT : this period was322
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reveals the influence of a PAD anisotropy ; the L Shell324
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ing to the estimated electron temperature using equation334
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sured and estimated electron temperatures during the four336
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tial values above 0.6 (i.e. the threshold energy of ELS),338
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The estimated temperature is thus very close to the mea-343

sured temperature, all the more for the time steps where344

the slope b of the current-voltage curve was large. Large345

slope values correspond to a strong influence of the ener-346

getic electrons (as shown by G13 ), and thus to an expected347

good estimation of the electron temperature from the ratio348

Iener
bener

. The relative absolute errors between the estimated349

(for b > 2∗10−3 nA/V ) and measured electron temperatures350

are respectively, for the four periods, of about 76% (panel351

a), 29% (panel b), 18% (panel c) and 24% (panel d).352

The largest error corresponds to a period (i.e. 2008 May353

18th 01 : 40 − 02 : 10 UT) where the anode 5 of the354

CAPS ELS instrument was scanning through a probably355

anisotropic PAD, leading to a modulation of the electron356

temperature derived from this anode measurements. The357

anode 5 pitch angle was indeed varying sinusoidally and is358

strongly anti correlated with the electron temperature pro-359

file measured (as well as the electron density, see figure 5).360

The pitch angle coverage (combining all anodes) was how-361

ever too small during this period to investigate in detail the362

anisotropy issue as in section 4.363

Beyond these case studies, a statistical analysis was also364

performed based on the LP data from February 1st 2005365

to July 30th 2008 (with more than 250 000 time intervals)366

previously used by G13 . The figure 4 shows the mean ratio367

between the estimated and measured electron temperature,368

for different sub-selections of the large dataset, as a function369

of the measured b slope. The figure confirms that the mean370

ratio is close to one for large positive slope values, with a371

ratio at one within a factor of two (including the error bar)372

for b > 2 ∗ 10−3 nA/V , or a ratio at one within a factor of373

two (excluding the error bar) for b > 0.5/1∗10−3 nA/V , for374

any sub-selection of the large dataset. The large ratios near375

b = 0 nA/V are artificially induced by the almost infinite376

value of the ratio Iener
bener

.377

However, a correlation analysis between the estimated378

and measured temperatures (using the data in the L range379

6.4 − 9.4 RS , with |Z| > 2 RS and b > 2 ∗ 10−3 nA/V )380

reveals a limit for the Te estimation, with a positive Pear-381

son’s correlation factor of about 0.32 only. A Fisher test382

[Press et al., 2007] nonetheless confirms the significance of383

the correlation, with a ratio between the experimental and384

theoretical (for 5% level of risk) Fisher statistics of 24.9 :385

there is thus a negligible risk (probability of ∼ 1.5 ∗ 10−21)386

that the estimated electron temperature is actually indepen-387

dent from the measured temperature.388

Despite a non perfect correlation with the measurements,389

we showed that large electron temperatures may be derived390

in the regions where the energetic electrons strongly influ-391

ence the LP observations, i.e. when the electron tempera-392

ture is in the range ∼ [100 − 500] eV , which is observed in393

the L range 6.4 − 9.4 RS at Saturn and may be identified394

from the LP observations through large positive values of395

the current-voltage slope b (b > 1 − 2 ∗ 10−3 nA/V ). This396

not only allows to extend the electron temperature mea-397

surement capabilities of the LP (beyond the voltage sweep398

extent), but also allows to derive small electron densities399

below the usual limits of the LP (i.e. several cc).400

6. Deriving the associated electron density

The Iener and bener theoretical expressions from the mo-401

ments method (equation 7) correspond to a system of two402

linear equations with two variables being the electron mo-403

ments (ne, Te), as long as we assume the maximum yield404

value of the LP surface is known. If we use the electron405

temperature estimated in the previous section, we may then406

derive an independent estimate of the electron density in the407

regions where the energetic electrons have a strong influence408

(and where the electron density is usually small compared409

the classical LP measurement capability).410

The electron density may thus be estimated from the
Ienermoments parameter :

neest =
27Ienermoments

KLA(kBTe/e− 37/2)
(14)

The figure 5 shows the resulting density estimate, assum-411

ing a maximum yield value δemax = 1.5 (in agreement with412

the values provided in table 2 of G13 ) during the same four413

time periods as in figure 3. The estimated density is shown414

for several selections of the data (based on the slope b val-415

ues), and compared with the CAPS measured density. We416

also show the maximum yield value needed to reproduce the417

exact value of the energetic contribution Iener at each time418

step (same method as for the panel c in figure 2), that may419

be slightly different from the 1.5 value assumed to derive420

the density estimate. Finally, the figure also provides the421

estimated density based on another technique, based on a422

proxy between the floating potential measured by the LP423

and the electron density measured during the Saturn Orbit424

Insertion in 2004 (see [Morooka et al., 2009]). This technique425

provides small electron densities in the Saturnian magneto-426

sphere, but several instrumental limits prevent its use at any427

time, leading to available proxy densities for only two of the428

time periods considered here (except a few data in panel d).429

The figure reveals a good agreement between the mea-430

sured and estimated densities (with b > 1 or 2∗10−3 nA/V )431

: the mean relative absolute errors are respectively of about432

48% (panel a), 38% (panel b), 30% (panel c) and 76% (panel433

d). The largest error (panel d) corresponds to a period where434

the needed maximum yield is very stable but rather at 2435

than 1.5 as assumed, and where the temporal correlation is436

As long as the hot electrons (and secondaries) drive the 
measured current (i.e. off the cold and dense equatorial 
plasmadisk), we can estimate the ne/Te characteristics of these 
electrons.  

Potentially interesting since CAPS was shut down. 
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Figure 3. Electron temperature Te during several case
studies : 2008 May 18th 01 : 40 − 02 : 10 UT (panel a),
2007 December 19th 16 : 00− 17 : 50 UT (panel b), 2008
April 30th 06 : 08 − 07 : 25 UT (panel c) and 2008 May
25th 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 tempera-
tures estimated from the ratio Iener/bener measured by
the LP (equation 13), for several data selections (based
on the slope b values measured). See the text for more
details.
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studies : 2008 May 18th 01 : 40 − 02 : 10 UT (panel a),
2007 December 19th 16 : 00− 17 : 50 UT (panel b), 2008
April 30th 06 : 08 − 07 : 25 UT (panel c) and 2008 May
25th 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 tempera-
tures estimated from the ratio Iener/bener measured by
the LP (equation 13), for several data selections (based
on the slope b values measured). See the text for more
details.

Comparison between the estimated (by the LP) and 
measured (by CAPS) electron temperatures 

Estimation of the hot electrons temperature 
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Figure 6. Ratio between the LP estimated (section 6)
and CAPS measured electron densities as a function of
the LP estimated electron temperature (derived in sec-
tion 5), for several selections of data : ”peak region”
refers to the L range 6.4 − 9.4 RS, ”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. See text for more
details.

Ratio [ne estimated/ ne measured] during 5 years of data 

ne estimated / ne measured = 1 
for Te=[100 500] eV 

Estimation of the hot electrons density 

The Ufloat proxy method 
(Morooka et al. 2009) for low 

densities is less accurate 



Information about the pitch angle distribution 
	  
Ques8on	  :	  can	  we	  get	  informa8on	  about	  the	  pitch	  angle	  distribu8on	  (PAD)	  of	  
the	  incident	  hot	  electrons	  ?	  



Information about the pitch angle distribution 
	  
Ques8on	  :	  can	  we	  get	  informa8on	  about	  the	  pitch	  angle	  distribu8on	  (PAD)	  of	  
the	  incident	  hot	  electrons	  ?	  
	  
Idea	   :	   the	   energe%c	   current	   modeling	   includes	   the	   maximum	   secondary	  
electron	   yield	   δemax	   (constant	   for	   a	  material),	   as	  well	   as	   the	   incident	   electron	  
distribu%on	  func%on	  fie	  (oeen	  provided	  with	  a	  narrow	  PAD	  coverage	  by	  CAPS)	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  one	  calculates	  the	  δemax	  needed	  to	  reproduce	  the	  observa?ons	  at	  each	  
?me	  ;	  if	  this	  needed	  δemax	  is	  variable,	  then	  the	  par?al	  distribu?on	  	  fie	  given	  by	  
CAPS	  is	  not	  representa?ve	  of	  the	  global	  distribu?on	  seen	  by	  the	  spherical	  LP	  



Information about the pitch angle distribution 
	  
Ques8on	  :	  can	  we	  get	  informa8on	  about	  the	  pitch	  angle	  distribu8on	  (PAD)	  of	  
the	  incident	  hot	  electrons	  ?	  
	  
Idea	   :	   the	   energe%c	   current	   modeling	   includes	   the	   maximum	   secondary	  
electron	   yield	   δemax	   (constant	   for	   a	  material),	   as	  well	   as	   the	   incident	   electron	  
distribu%on	  func%on	  fie	  (oeen	  provided	  with	  a	  narrow	  PAD	  coverage	  by	  CAPS)	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  one	  calculates	  the	  δemax	  needed	  to	  reproduce	  the	  observa?ons	  at	  each	  
?me	  ;	  if	  this	  needed	  δemax	  is	  variable,	  then	  the	  par?al	  distribu?on	  	  fie	  given	  by	  
CAPS	  is	  not	  representa?ve	  of	  the	  global	  distribu?on	  seen	  by	  the	  spherical	  LP	  
	  
	  
Method	  used	  
	  
1. 	  We	  add	   a	  weigh%ng	   func%on	   to	   the	  CAPS	   incident	   electron	  distribu%on	   to	  
account	  for	  the	  PAD	  anisotropies	  (assuming	  max	  at	  an	  angle	  α0)	  :	  
	  

	  
2. 	  We	  make	   the	  peak	  PAD	  angle	  α0	   vary	   from	  O	   to	  π,	   and	  we	   search	   for	   the	  
angle	  leading	  to	  the	  most	  stable	  value	  of	  δemax	  

Je,weighted (t,Ei ) =
Je,anode5(t,Ei )
cos(α(t)−α0 )

α	  :	  pitch	  angle	  of	  anode	  5	  
α0	  :	  peak	  angle	  of	  PAD	  
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Informations sur la distribution en angle d’attaque 

The	   dispersion	   for	   the	   δemax	  
values	   is	   minimum	   for	   a	  
simulated	  PAD	  peak	  at	  the	  value	  
that	  is	  measured	  (about	  180°). 

α0 

Pi
tc
h	  
an
gl
e	  
(°
) Case	  study	  when	  CAPS	  has	  a	  

broad	   pich	   angle	   coverage	  
with	   a	   clear	   PAD	   peak	   for	  
incident	  electrons	  at	  180° 

InteresCng	  skill	  of	  the	  LP	  when	  CAPS	  has	  a	  narrow	  angular	  coverage 

	  	  	  	  We	  thus	  find	  the	  real	  peak	  
angle	  of	  the	  PAD 



Which influence of hot electrons 
in other environments ? 

Iener values (energetic DC level) as a function of ne/Te measured at Saturn, with 
isocontours corresponding to observations (solid lines) and modeling (dashed) 
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We can, based on the known average plasma conditions, predict the 
energetic currents to be measured in any environment : significant influence 
expected at Earth, jovian satellites etc. 

Which influence of hot electrons 
in other environments ? 



Conclusions 
The Langmuir probe onboard Cassini is not only sensitive to cold and 
dense plasma, but also to hot electrons (100-500 eV) and to their 
secondaries. 
 
 
 These electrons influence both the DC level and slope of the current-
potential curve of the LP at negative potentials (ion collection side), in 
particular inside a “belt” at L=6-10 Rs. 
  
 The analysis of the energetic current induced by hot electrons helps to 
identify and locate a plasmapause-like boundary at Saturn. It also allows to 
determine the critical and anticritical temperatures of the LP (important 
concepts for spacecraft charging). 
 
  Modeling the energetic current allows to extract information about the 
incident 100-500 eV electrons : pitch angle anisotropies, temperature and 
density  
 
  These results enlarge the capabilities of the Langmuir probes, with 
estimates of magnetospheric hot and thin plasma characteristics. Other 
environments may be of interest : Earth, jovian satellites… 



MORE 



	  	  

m	  (nA)	  :	  ion	  side	  DC	  level 	   	  	  	  	  	  	  	  	  	  	  Iph	  :	  es%mated	  from	  solar	  index	  

b	  (nA/V)	  :	  ion	  side	  slope 	   	  	  	  	  	  	  	  	  	  	  Idust	  :	  absent	  off	  the	  equator	  

Vfloat	  (V)	  :	  floa%ng	  poten%al 	  	  	  	  	  	  	  	  	  	  Ii	  :	  ion	  current	  (cold	  and	  hot)	  :	  	  
	   	   	   	  	  	  	  	  	  	  	  	  es%ma%on	  from	  CAPS	  ion	  moments	  

	  

⇒ 	  Ie*	  may	  be	  extracted	  off	  the	  equator	  (no	  dust,	  few	  ions)	  

Ie*=m+ bVfloat − I ph − Idust − Ii
Given	  by	  Langmuir	  
probe	  analysis	  

To	  be	  es%mated	  
independantly	  

Ion side (negative potential ULP/plasma = Ubias + Vfloat) 

I(U < 0) =m− bUbias

How to extract Ie* ? 
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Extraction of Ie* during SOI 

The	  SOI	  period	  (2004,	  doy	  182)	  was	  chosen	  as	  a	  case	  study	  to	  extract	  Ie*	  since	  :	  

-‐ 	  the	  «	  belt	  »	  region	  was	  encountered…	  

-‐ 	  …	  at	  loca%ons	  where	  Idust	  can	  be	  neglected	  (off	  the	  equator,	  |Z|>1.2	  Rs)	  

-‐ 	  ion	  moments	  are	  available	  from	  Si`ler	  et	  al.	  (2006)	  to	  es%mate	  Ii	  

The	   energeCc	   current	   Ie*	  
is	   of	   the	   same	   order	   as	  
t h e	   pho toe l e c t r on s	  
current	   in	   the	   «	   belt	   »	  
region.	  

The	   current	   contribu%ons	  
from	   ambient	   ions	   and	  
b*Vfloa t	   a re	   sma l l /
negligible	  

-‐m	  

-‐Iph	  

-‐I*	  

-‐Ii	  -‐b.Vfloat	  

-‐Ie*	  



Why a belt ? 
Mapping Ie* (which can be approximated by lm-Iphl off the equator) 
reveals the same radial profile as the 250-450 eV electrons  
(see Schippers 2008, Rymer 2007, DeJong 2010) 

A	   key	   boundary	   region	   connected	   to	   the	   ionosphere	   through	   field-‐aligned	  
currents	  with	  an	  associated	  UV	  auroral	  oval	  
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Identification of critical / anticritical charging temperatures 

b<0 

b>0 

v  Strong spacecraft (negative) charging 
events may be observed (e.g. in the 
Earth plasmasheet) when the incident 
electrons have a temperature above a 
critical value T* (Laframboise et al., 
1982) 

v  Two speci f ic tempera tures - 
anticritical TA and critical T* (see Lai 
a n d Ta u t z , 2 0 0 8 ) s e p a r a t e 
temperature domains where the 
incident electrons dominate over or 
are dominated by secondaries 

v  We show that these temperatures are 
observed when the bener is null 

 TA = 50-60 eV and T* = 600-800 eV 

  First observational evidence for the existence of TA 

bener slope of the LP I-V curve as a function of Te, 
with or without correction for small spacecraft 

potentials 



Estimation of the peak yield δemax 

CalculaCon	  of	  the	  ficCve	  δemax	  value	  needed	  to	  fit	  observaCons	  of	  m	  or	  b	  
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δemax	  value	  from	  me*	  
	  

Period	  1	  :	  2008	  doy	  138	  
Period	  2	  

	  2008	  doy	  139	  
Period	  3	  	  

SOI	  

	  Pitch	  angle	  of	  anode	  5	  (/10)	  

q 	  	  δemax	  roughly	  stable	  around	  4-‐5	  from	  both	  be*	  and	  me*	  (should	  be	  constant	  !)	  

q 	  	  But	  a	  strong	  influence	  of	  the	  orienta%on	  of	  the	  CAPS	  anode	  5	  (period	  2)	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  Influence	  of	  an	  anisotropic	  pitch	  angle	  distribuCon	  of	  energeCc	  electrons	  ?	  


