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We model the current characteristics of the DEMETER Segmented Langmuir probe (SLP). The

probe is used to measure electron density and temperature in the ionosphere at an altitude of

approximately 700 km. It is also used to measure the plasma flow velocity in the satellite frame of

reference. The probe is partitioned into seven collectors: six electrically insulated spherical

segments and a guard electrode (the rest of the sphere and the small post). Comparisons are made

between the predictions of the model and DEMETER measurements for actual ionospheric plasma

conditions encountered along the satellite orbit. Segment characteristics are computed numerically

with PTetra, a three-dimensional particle in cell simulation code. In PTetra, space is discretized

with an unstructured tetrahedral mesh, thus, enabling a good representation of the probe geometry.

The model also accounts for several physical effects of importance in the interaction of spacecraft

with the space environment. These include satellite charging, photoelectron, and secondary

electron emissions. The model is electrostatic, but it accounts for the presence of a uniform

background magnetic field. PTetra simulation results show different characteristics for the different

probe segments. The current collected by each segment depends on its orientation with respect to

the ram direction, the plasma composition, the magnitude, and the orientation of the magnetic field.

It is observed that the presence of light Hþ ions leads to a significant increase in the ion current

branch of the I-V curves of the negatively polarized SLP. The effect of the magnetic field is

demonstrated by varying its magnitude and direction with respect to the reference magnetic field. It

is found that the magnetic field appreciably affects the electron current branch of the I-V curves of

certain segments on the SLP, whereas the ion current branch remains almost unaffected. PTetra

simulations are validated by comparing the computed characteristics and their angular anisotropy

with the DEMETER measurements, as simulation results are found to be in good agreement with

the measurements. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804336]

I. INTRODUCTION

Langmuir probes (LPs) are widely used diagnostic

instruments for both laboratory and space plasma. The tech-

nique consists of exposing an electrode to the plasma and

measuring the collected current as a function of the bias volt-

age. By performing several measurements at different bias

voltages, a current-voltage graph or characteristic curve is

produced. The resulting characteristic curve of the probe is

used to infer information about plasma parameters as, for

example, the plasma density, temperature, plasma potential,

and the floating potential.1–4

Early theoretical studies have been devoted to investigate

the current characteristics of symmetrical probes, such as cylin-

drical, spherical, and planar probes. Mott-Smith and Langmuir

proposed equations to derive the velocity distributions directly

from the I-V curves of spherical and cylindrical probes in

drifting Maxwellian plasma.5 Hoegy and Brace studied the

response of planar, cylindrical, and spherical Langmuir probes

in isotropic and anisotropic non-Maxwellian plasma. They

found that, for isotropic distributions, the saturation current is

temperature independent for cylindrical probes, whereas it is

highly temperature dependent for the planar and spherical

probes. Their study also showed that for isotropic plasma, these

three geometries are equally suitable for the ionospheric elec-

tron density and the temperature measurements. For aniso-

tropic distribution, however, these three probe geometries are

not equally suitable for the measurement of ionospheric plasma

parameters.6 El Saghir and Shannon presented integral rela-

tions for obtaining the electron energy distribution functions

for different Langmuir probe geometries.7

For ionospheric applications, Langmuir probes have

been widely used on satellites or rockets to measure electron

and ion densities, temperatures and flow velocities, as well

as spacecraft floating potentials in ionospheric and magneto-

spheric plasma. Many authors analyzed Langmuir probe

measurements in space plasma to understand different physi-

cal phenomena. For example, Olson et al. applied a simple

analytical probe-in-sheath model to the Langmuir probe

data from Cassini spacecraft to study the spacecraft sheath

effects on the current characteristics of the probe.8 Piel et al.
studied the influence of the geomagnetic field and probe
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contamination on plasma diagnostics with Langmuir probes in

the equatorial ionosphere.9 Some numerical models were also

developed for the detailed description of Langmuir probes.

For example, Hilgers et al. presented numerical results of

SPIS (the spacecraft plasma interaction system) simulations of

spherical and cylindrical Langmuir probe geometries in a

regime in which the Orbit Motion Limited (OML) approxima-

tion is expected to be valid.10 The numerical results of their

study are found to be in good agreement with theoretical

predictions by Laframboise and the OML theory.11,12

Recently, the use of directional Langmuir probes to mea-

sure plasma flow velocity, and understand the dynamics of labo-

ratory and space plasma has received special attention. Nagaoka

et al., demonstrated experimentally and theoretically the meas-

urements of the plasma flow velocity by using directional

Langmuir probe under weakly ion-magnetized conditions.13

Lebreton et al., designed the DEMETER Langmuir probe

experiment, also called Instrument Sonde de Langmuir (ISL),

for in situ measurements of ionospheric plasma parameters. The

ISL instrument consists of two sensors: a cylindrical LP and a

spherical segmented Langmuir probe (SLP). In their study,

Lebreton et al. gave a brief description of the ISL instrument

design, its in-flight operation, and data analysis techniques.14

Seran et al. developed a particle in cell (PIC) model to

investigate the capabilities of the SLP to diagnose bulk

plasma parameters.15 Their model, however, did not account

for the influence of the magnetic field on current collection

of the SLP. The goal of the present study is to simulate the

current characteristics of the DEMETER SLP. For this pur-

pose, we use PTetra which is capable of simulating the time

dependent interaction of satellites with space plasma.16 The

numerical results of our study show some interesting fea-

tures. These include the angular anisotropy in the current

collected by various collectors, the sensitivity of the electron

current to the orientation of the magnetic field, and the

enhancement in the ion current due to the presence of the

minority light Hþ ions.

The remainder of this article is organized in the follow-

ing manner: Sec. II briefly explains the design and the tech-

nique of the SLP. Section III describes the numerical

approach used to compute the I-V curves of the SLP. In Sec.

IV, we present example results and their comparison with

DEMETER measurements. Finally, Sec. V contains a sum-

mary and some conclusions.

II. THE DEMETER SLP

The SLP is part of the scientific payload of a French

microsatellite, DEMETER (Detection of Electro-Magnetic

Emissions Transmitted from Earthquake Regions). A complete

description of the segmented Langmuir probe is given by

Lebreton et al.14 The SLP is part of the ISL instrument that

comprises two Langmuir probes: a cylindrical Langmuir probe

and the SLP as shown in Figure 1. DEMETER was used as a

flight demonstrator for the SLP. The cylindrical Langmuir

probe was regularly used to measure bulk parameters of the

ionospheric plasma, while the SLP was only used occasionally,

as the primary objective was to characterize its performance in

different plasma conditions encountered during the DEMETER

mission. The SLP consists of a spherical probe with its surface

divided into seven independent collectors; six spherical seg-

ments each of radius 0.5 cm and a guard electrode. The guard

electrode consists of a sphere of radius 2 cm and a small cylin-

der (1.5 cm in length, 6 mm in radius). The six segments are

electrically insulated from each other and from the guard elec-

trode, but all components of the SLP are kept at the same

potential. They are positioned around the sphere at different

angles with respect to one another. The orientation of the seg-

ments around the sphere is illustrated in Figure 1. Segment S2

is aligned with the satellite velocity (along Z-axis in the ram

direction). Other segments S1, S3 are located symmetrically at

an angle of 45�; S4, S5, and S6 are at an angle 90� with respect

to the ram direction. The probe is mounted on a post of 6 cm in

length and 4 mm in radius. On DEMETER, this post is

grounded with respect to the spacecraft body. In the simula-

tions, it is used as a reference with respect to which the probe

bias is determined. The I-V characteristics are obtained by

applying the same potential to all seven collectors and meas-

uring the current collected by each segment individually.

III. NUMERICAL APPROACH

A three-dimensional PIC code PTetra is used to simulate

the current-voltage characteristics of the probe. The model is

based on a fully kinetic description of all plasma species with

physical charges and masses. The model accounts for a uniform

and constant background magnetic field. It also accounts for

several phenomena of physical importance in the spacecraft

interaction with the plasma. These include satellite charging,

photoelectrons, and secondary electrons emission. For Low

FIG. 1. Segmented Langmuir probe (left) and illus-

tration of the various segments (right). Reprinted

with permission from Lebreton et al., Planet. Space

Sci. 54, 472 (2006). Copyright 2006 Elsevier.
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Earth Orbit (LEO) satellites (at the altitude range 100 km to

1000 km in the ionosphere), the impact of the secondary elec-

trons is not significant. However, the photoemission can affect

the current collection of the sunlit area which eventually

depends on the solar angle. In this study, the effect of photo-

electrons was assessed by comparing the characteristics com-

puted with and without photoemission. The differences were

found to be small (<5%). A more rigorous analysis of photo-

emission effects would require the inclusion of a more com-

plete description of the satellite geometry, such as the satellite

body and the solar panel. Such a study is beyond the scope of

the present paper.

PTetra uses a standard PIC approach, in which simulation

particles, or macroparticles, represent many physical particles.

In addition to charge and mass, each macroparticle also carries

a statistical weight corresponding to the number of physical

(real) particles that it represents. In this study, 108 macropar-

ticles are used in the simulation domain, to simulate the

plasma near the probe. The mesh used in the study is unstruc-

tured with tetrahedral elements. It was generated with the

mesh generator CUBIT17 and it consists of 79 861 vertices

connected in 454 950 tetrahedra. The resolution of the mesh

varies in space in order to resolve the fine features near the

probe. The size of largest elements in the simulation domain

is 2 cm and the smallest ones on the probe is 2.5 mm. The

outer boundary of the simulation domain is located suffi-

ciently far from the probe for the boundary conditions to have

a negligible influence on the simulation results. The equations

of motion of the particles are solved by using second order

accurate leap frog method. The integration of these equations

requires the knowledge of ~E and ~B fields. The magnetic field
~B is calculated from the International Geomagnetic Reference

Field (IGRF) model18 by using the time and satellite position

at which measurements were made. Poisson’s equation is

solved as a boundary value problem with Dirichlet boundary

conditions.16 The numerical solution of Poisson’s equations

requires the volume charge density and the charge collected

by each probe component. A collected current is specified on

the probe, whereas the post is assumed to be floating. Note

that, other than the post and the spherical probe, our simula-

tions do not account for the other components of the satellite.

If the entire spacecraft were included in the model, the nega-

tive of the current imposed on the probe would also have to be

imposed on the rest of the satellite in order to ensure current

balance. In such a case the post would only be collecting a

small fraction of that current, owing to its small surface area

compared to that of a spacecraft body. This is why the post,

used as a satellite ground proxy, is assumed to be collecting

zero net current. The imposed probe collected current is varied

in such a way as to produce a potential difference with the

(grounded) post ranging form �5 V to þ5 V. The simulation

parameters used in our analysis and summarized in Table I

correspond to the DEMETER measurements along day side

orbit 06911-0.

IV. RESULTS AND DISCUSSION

In this section, the computed characteristics of the

SLP and their comparison with the DEMETER satellite

measurements are presented. Three simulation cases are con-

sidered to study the influence of different physical phenom-

ena on the current collection of the SLP. These are as

follows:

• A reference case, corresponding to the plasma composed

of 22% Hþ and 78% Oþ ions with a magnetic field

obtained from the IGRF model.18

TABLE I. Physical parameters assumed in the reference simulation, corre-

sponding to DEMETER orbit 06911-0 at 8:16 UT.

Physical parameter Value

Electron density 1:3� 1010 m�3

Plasma temperature 0.3 eV

Magnetic field (~Bo) ð40:68;�1:257;�6:787ÞlT

Plasma flow velocity (vd) (0, 0, 7500) m/s

Altitude 712 km

Geographic latitude 70.76� N

Geographic longitude 54.40�

Majority ions 78%Oþ

Minority ions 22%Hþ

Debye length 0.035 m

Electron thermal velocity vthe ¼
ffiffiffiffiffiffiffiffiffi
2kBTe

me

q
324.8 km/s

Electron thermal gyro radius 0.042 m

Hydrogen ion thermal velocity vthH ¼
ffiffiffiffiffiffiffiffi
2kBTi

mH

q
7.6 km/s

Oxygen ion thermal velocity vthO ¼
ffiffiffiffiffiffiffiffi
2kBTi

mO

q
1.9 km/s

Ion thermal gyro radius 5.4 m

FIG. 2. Profiles of the sheath potential (left) and the corresponding wake in

ion density behind the probe (right). Plasma is drifting in the Z direction,

whereas the orbital velocity of the satellite is in the �Z direction.
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• A plasma with 100% Oþ ions. This case is presented to

show the effect of light (Hþ) and heavy (Oþ) ions on the

ion current branch of the SLP.
• A case in which the magnetic field is varied in magnitude

and direction with respect to the reference magnetic field

(~Bo). This is done to illustrate the sensitivity of the col-

lected electron current to the orientation and the magni-

tude of the magnetic field.

The simulation results obtained for these three cases are

compared with in-flight DEMETER satellite measurements.

Two sweeps are presented for the measurements: a short du-

ration (fast) and a long duration (slow) sweep. These two

sweeps are explained by Lebreton et al.14 in Sec. III B 5.

The data acquisition times for the fast and the slow sweeps

are 0.25 s and 2 s, respectively. Each sweep consists of two

parts: an up (negative to positive) and a down scan (positive

to negative). In Figures 3 and 4, the fast up scans (thick solid

line) are followed by the fast down scan (broken line), and

the slow up scans (thin solid) are followed by slow down

scans (broken thin line). It is noted that the up and down

scans for both sweeps show hysteresis. The difference

between the I-V curves for the up and the down sweeps is

used to estimate the surface properties of the probe, and in

particular to characterize the thin layer due, for example, to

surface contamination, or perhaps to a thin dielectric film of

unknown origin, which is thought to be responsible for the

hysteresis which varies with sweep speed. The characteristics

of the properties of the layer and its influence on the determi-

nation of the plasma parameters are the subject of ongoing

work (J.-P. Lebreton, private communication, 2012).20

FIG. 3. Comparison between the simulated and measured I-V curves for segments S1; S2; S3; S4; S5; S6 and the guard electrode. The thicker lines show the char-

acteristics for the fast scan and thinner lines show the characteristics for the slow scan. In both cases, the solid lines are for the up scan (negative to positive)

and dashed lines for the down scan (positive to negative). Circles show the characteristics obtained from the reference case.
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A. Reference case

The reference conditions correspond to the plasma pa-

rameters that are given in Table I. The composition of the

ionospheric plasma for the LEO environment depends

strongly on the altitude, latitude, local time, and the solar ac-

tivity. The ion composition on board DEMETER is obtained

from the ion composition measurements of the Instrument

d’Analyse du Plasma (IAP).19 The simulations are done with

the same density of Hþ and Oþ ions as measured on

DEMETER; that is, 22% Hþ and 78% Oþ. The orbital veloc-

ity of the satellite is in the Z-direction and in the probe frame

of reference; the plasma is drifting with the same speed in

the opposite direction. The plasma drift velocity is 5 times

greater than the Oþ thermal velocity (1.9 km/s), and is com-

parable to the Hþ thermal velocity (7.6 km/s). The Mach

number defined as the plasma drift velocity divided by the

ion sound speed (M ¼ vd

cs
) is approximately 5. The plasma

flow is supersonic and a visible wake in the ion density is

expected behind the probe in all cases. The structure of the

wake region is shown in Figure 2 for the weakly biased

(þ2 V) and strongly biased (þ5 V) probe. It is observed that

the size of the wake region and plasma sheath potential vary

with the probe biasing. The current collected by the seven

segments of the SLP as a function of bias voltage is com-

puted with PTetra. The resulting characteristics in the range

�5 V to þ5 V are illustrated in Figures 3 and 4. The anisot-

ropy in the ion current collected by the various segments

shows that the segment S2 (facing the ram direction) collects

slightly more current than the other segments. The anisot-

ropy in the collected ion current is mainly controlled by the

direction of the plasma flow velocity; hence, the segment

facing the ram directly collects the largest current. The com-

parison of the reference simulation results (accounting for

FIG. 4. Comparison between the measured and simulated I-V curve of segments S1; S2; S3; S4; S5; S6 and the guard electrode, showing the effect of the ion com-

position. The measured characteristics and the reference case are the same as in Figure 3. Circles represent the characteristics obtained with the reference case

and squares show the characteristics computed with 100% Oþ ions.
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the Hþ ions) with DEMETER measurements shows good

qualitative and quantitative agreement in both ion and elec-

tron current branch of the I-V curves. A proper calibration

has been made for the I-V converter of the cylindrical probe

and for seven I-V converters of the SLP prior to launch. The

description of the calibration is beyond the scope of the pres-

ent study. However, the post-flight calibration of the I-V

converters has not been available yet. This could be the

source of uncertainty in the ion current part of the I-V curve.

It could also affect the electron part of the characteristic, but

it would likely be negligible. There are various physical fac-

tors that play an important role in the current collection of

the SLP as for example, the ionic composition of the iono-

spheric plasma, the attitude of the satellite and the orienta-

tion of the magnetic field. Numerically, it is straightforward

to include each effect separately in order to assess its relative

importance. The resulting variation in the current collected

by the SLP is studied for the presence of heavy ions and with

a small variation in the orientation of the magnetic field asso-

ciated with a small error in the satellite attitude. These two

effects are considered below.

B. Ion mass and composition

The effect of ion mass and composition is assessed by

comparing the simulation results obtained for a 100% Oþ

plasma, with the measurements and with the simulation

results obtained for the reference case. This comparison is

shown in Figure 4. It is observed that the simulated I-V

curves show qualitative agreement with the measurements.

Quantitatively, however, there are marked discrepancies in

the ion current branch. It is found that in an assumed 100%

Oþ plasma, the ion current collected in negative biasing sig-

nificantly less (by �36%) than that in the reference case.

This decrease in the ion current can be understood from the

OML theory of the spherical probes. In this case, the Debye

FIG. 5. Comparison between the simulated I-V curves of segments S1; S2; S3; S4; S5; S6 and the guard electrode, showing the effect of the magnitude and the

orientation of the magnetic field. Circles show the reference case and triangles represent the characteristics obtained with the magnetic field (B0) at an angle of

45� with respect to the surface of the top segment. Squares show the characteristics computed without magnetic field.
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length (kD ¼ 0:035 m) is greater than the probe radius

(a¼ 0.02 m) and the sheath around the SLP is thick. The

motion of the ions in the thick sheath depends on the impact

parameter. The ions approaching the probe with distances

exceeding the impact parameter (bc) do not contribute to the

probe current. Only ions which have approaching distances

smaller than the impact parameter will contribute to the col-

lected current. The impact parameter depends on the ratio of

the probe potential to the bulk energy of the ions. The bulk

energies of the Hþ and Oþ ions are 0.29 eV and 4.7 eV,

respectively. The corresponding impact parameter bc of the

Hþ ions is 3 times larger than that of the Oþ ions.

Therefore, the effective cross section (r ¼ pb2
c) of Hþ is 9

times that of the Oþ ions. The resulting current collected by

the probe immersed in a plasma made of 100% Oþ ions

therefore, will be less than that of plasma containing lighter

Hþ ions.

C. Sensitivity to the magnetic field

The magnetic field also affects the I-V curves of the SLP.

In the reference case, the magnetic field ~Bo ¼ ð40:68;�1:257;
�6:787ÞlT is obtained from the IGRF model. The angle

between the ~Bo and the Y-axis (normal to segments S5 and S6)

is 88.23� which corresponds to an angle of �2� with respect

to the surface of the top segment. The reference ~Bo is almost

parallel (grazing) to segments S5 and S6. In order to determine

the magnetic sensitivity of the results to the orientation of the

magnetic field, the simulations are repeated with a magnetic

field ~B0 ¼ ð29:17; 29:17; 0:78ÞlT. The magnitude of ~B0 is the

same as that of the reference magnetic field, but with a change

in direction by �45�. Current characteristics are also com-

puted with zero magnetic field. The resulting characteristics

for the above mentioned two cases are compared with the ref-

erence simulation case and are illustrated in Figure 5. In this

case, magnetization plays an important role in the interpreta-

tion of the I-V curves of the SLP. It is a parameter used to

specify the ability of the magnetic field to affect the trajecto-

ries of the particle. It is the ratio between the thermal gyro ra-

dius of the particle and the characteristic scale length of the

system. If this ratio is small (�1) particles are magnetized;

otherwise, they are unmagnetized. In our study, the scale

length is characterized by the radius of the probe 0.02 m,

whereas the thermal gyro radii of electrons and Oþ ions are

0.042 m and 5.4 m, respectively. Whence, electrons here are

weakly magnetized and ions are effectively unmagnetized.

Varying the orientation of the magnetic field by 45� has rela-

tively little effect on most characteristics. In the absence of the

magnetic field, however, the differences in the collected elec-

tron current are noticeable. It is observed that with zero mag-

netic field, the SLP simulated collected electron current is

approximately twice the value computed with the reference

case.

V. CONCLUSIONS

The PTetra numerical model is well adapted to compute

the current characteristics of a segmented Langmuir probe,

which is part of the scientific payload of the DEMETER

microsatellite. Three cases were considered to study the sen-

sitivity of the I-V curves: The first one serves as a reference

with respect to which the other two cases are compared. The

second case looks at the effect of the ion mass composition,

and the third case shows the sensitivity of the electron col-

lected current to the magnetic field. PTetra simulation results

are compared with DEMETER measurements along a day

side orbit. The comparison shows good qualitative agree-

ment in all cases. In the reference case, that accounts for

78% Oþ and 22% Hþ, the collected current is comparable to

the measured current with some minor differences. There are

several physical factors at play in the current collection of

the SLP. These include the ionospheric plasma composition,

the strength, and orientation of the magnetic field. A quanti-

tative assessment of these effects was made by carrying out

simulations in which each effect was taken into account sep-

arately. The high mobility of the Hþ ions leads to a signifi-

cant contribution in the ion collected current when the probe

is negatively biased. The probe collects 3 times more ion

current compared to the computed collected currents in an

assumed 100% Oþ plasma. The moderate magnetization of

the electrons causes the electron current branch to be sensi-

tive to the presence of the magnetic field. In the absence of

the magnetic field, there is a significant increase in the elec-

tron current collected by all segments compared to the refer-

ence case. However, the magnetic field does not affect the

ion current branch. This is due to the fact that collected elec-

trons, even when weakly magnetized, are constrained to

come from the magnetic flux tube of radius equivalent to the

electron thermal gyro-radius (�4 cm). When B¼ 0, on the

other hand, the collected electrons come from all directions

without any constraint on their motion and contribute signifi-

cantly to the electron current branch. The best agreement

with the measurements is obtained with the reference case,

which accounts for the magnetic field and the plasma made

of 78% Oþ and 22% Hþ ions as measured on DEMETER.

These effects, therefore, need to be taken into account in the

interpretation of the I-V curves of a segmented Langmuir

probe.
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