
Annales Geophysicae, 23, 1723–1733, 2005
SRef-ID: 1432-0576/ag/2005-23-1723
© European Geosciences Union 2005

Annales
Geophysicae

The spherical segmented Langmuir probe in a flowing thermal
plasma: numerical model of the current collection
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Abstract. The segmented Langmuir probe (SLP) has been
recently proposed by one of the authors (Lebreton, 2002) as
an instrument to derive the bulk velocity of terrestrial or plan-
etary plasmas, in addition to the electron density and temper-
ature that are routinely measured by Langmuir probes. It
is part of the scientific payload on the DEMETER micro-
satellite developed by CNES. The basic concept of this probe
is to measure the current distribution over the surface using
independent collectors under the form of small spherical caps
and to use the angular anisotropy of these currents to obtain
the plasma bulk velocity in the probe reference frame. In
order to determine the SLP capabilities, we have developed
a numerical PIC (Particles In Cell) model which provides a
tool to compute the distribution of the current collected by
a spherical probe. Our model is based on the simultane-
ous determination of the charge densities in the probe sheath
and on the probe surface, from which the potential distribu-
tion in the sheath region can be obtained. This method is
well adapted to the SLP problem and has some advantages
since it provides a natural control of the charge neutrality in-
side the simulation box, allows independent mesh sizes in
the sheath and on the probe surface, and can be applied to
complex surfaces. We present in this paper initial results
obtained for plasma conditions corresponding to a Debye
length equal to the probe radius. These plasma conditions
are observed along the Demeter orbit. The model results are
found to be in very good agreement with those published by
Laframboise (1966) for a spherical probe in a thermal non-
flowing plasma. This demonstrates the adequacy of the com-
putation method and of the adjustable numerical parameters
(size of the numerical box and mesh, time step, number of
macro-particles, etc.) for the considered plasma-probe con-
figuration. We also present the results obtained in the case
of plasma flowing with mesothermal conditions reproducing
the case of measurements onboard a low altitude spacecraft.
Finally, we briefly discuss the capabilities of the SLP to de-
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duce the plasma bulk velocity under similar conditions and
present the first onboard measurements.

Keywords. Ionosphere (Modeling and forecasting; Instru-
ments and techniques)

1 Introduction

The interaction between a flowing plasma and a charged
body is a long-standing problem which has numerous practi-
cal applications, such as spacecraft charging or in-depth un-
derstanding of the operation of low energy plasma sensors
(see, for example, Al’pert, 1974; Hastings and Garrett, 1996;
Swift and Schwar, 1970). Spacecraft charging controls the
sheath structure and then the distribution function of parti-
cles that are measured on board the spacecraft. In extreme
cases of inhomogeneous charging it can lead to an electrical
breakdown between highly charged surfaces. A number of
space, laboratory experiments and theoretical studies were
made with the aim to investigate the plasma sheath forma-
tion and its structure, which depends on a number of pa-
rameters, such as geometry, size and potential of body, sur-
face materials, Debye length, Mach number, plasma compo-
sition, density and energy of the charged particles, etc. Singh
et al. (1987) and Samir et al. (2001) demonstrated that the
electrons and ions are heated in the wake, while Siskind et
al. (1984) also observed an electron heating in the ram di-
rection. Henderson and Samir (1967) measured the current
depletion in the wake with respect to the ram and Samir et
al. (1979, 1987) studied the asymmetry in the current distri-
bution in the wake. Oran et al. (1974) observed the increas-
ing of the density in the near-wake region. Although study of
the ion collection in the electron-filled wake of a spacecraft
was performed during the Charge Hazard and Wake stud-
ies’ flight experiment onboard shuttles ST-60, ST-69 (Enloe
et al., 1997; Davis et al., 1999), the experiment was moti-
vated by a high charging (up to kilovolts) of the low-Earth-
orbiting (LEO) spacecraft in the auroral regions which are
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Fig. 1. (a) SLP configuration with 6 independent collectors. The
symmetry axis of the central collector is aligned with the satel-
lite velocity (along x) and facing the ram.(b) Representation of
the sphere in the model by an assembly of 12 pentagons and 20
hexagons.

populated with the energetic electrons. They showed that a
probe placed in the wake has to be polarized up to 100 V to
neutralize the high-energy electron collection. Finally, the
influence of the magnetic field on the sheath asymmetries
and current collection was investigated by Sanmartin (1970)
and Laframboise and Sonmor (1993).

The purpose of this work is to model the current collec-
tion by the Segmented Langmuir Probe and to determine its
capability to retrieve information on the plasma flow. In its
present design (see Fig. 1a), the SLP is a spherical probe 4 cm
in diameter with 6 independent spherical caps (∼2 cm in di-
ameter) on its surface. These caps are insulated from each
other and from the main probe body and act as individual col-
lectors. They are mounted symmetrically with respect to the
orbital velocity direction at angles 90◦, 135◦ and 180◦ and
cover the front part of the probe. Since the SLP is currently
flying on the DEMETER CNES micro-satellite at an altitude
of about 700 km (seehttp://demeter.cnrs-orleans.fr), we have
limited our analysis to plasma conditions that are encoun-
tered in the ionosphere at this altitude by simply taking the
ratio of the probe radiusrs to the Debye lengthλD equal to
unity. For LEO spacecraft, the thermal ionVT i and electron
VT e velocities and the plasma bulk velocityV0 in the probe
reference frame are such thatVT i≤V0�VT e. Under these

conditions, the plasma flow mainly modifies the angular dis-
tribution of the ion current which is controlled by the Mach
number and by the potential applied to the probe (Samir et
al., 1987). In order to simulate the current collection by the
SLP and its collectors, we have developed a PIC (Particles
In Cell) electrostatic model which is based on the surface
charge distribution method (Renau et al., 1982; Kolesnikova,
1997; B́eghin and Kolesnikova, 1998). Our approach differs
from the commonly used numerical schemes where the Pois-
son equation is solved to compute the potential distribution
in the sheath. Instead, our algorithm is based on the determi-
nation of the volume charges in the sheath and of the surface
charges on the probe surface which are subsequently used to
obtain the potential distribution in the sheath. This method
bears some advantages since the mesh size in the sheath and
on the probe can be chosen independently and, more impor-
tantly, it allows, at each iteration, a natural control of the
total charge neutrality of the probe-sheath system. The com-
putational method is described in more detail in Sect. 2. In
Sect. 3, we compare the results for the case of a non-flowing
thermal plasma to those published by Laframboise (1966).
Section 4 presents the results obtained in the case of a flow-
ing thermal plasma. We briefly evaluate the SLP capabilities
to estimate the plasma bulk velocity and present the first on-
board measurements in Sect. 5.

2 Description of the model parameters, overview of its
main performances

Our model uses the basic principle of PIC codes (see, for ex-
ample, Procassini et al., 1990) to solve the transport equation.
Here, we just briefly explain the main features.

2.1 Size of the simulation box

In order to prevent interferences between the sheath and the
boundaries of the simulation box, these boundaries have to
be located at a sufficiently large distance from the probe.
To obtain an estimate of the extent of the disturbed vol-
ume around a spherical obstacle, we consider the simple
case of a spherical body at the plasma potential and cal-
culate the density at a distancer from the obstacle of ra-
dius rs by integrating the distribution function and taking
into account the geometrical shadow effect of the obsta-
cle on particle trajectories. For example, in a non-flowing
isotropic plasma the variation of the density can be written

asn/n0=0.5
π∫
α

sinθdθ=0.5
(
1+

√
1−[rs/r]2

)
, wheren0 is

the undisturbed value,α=arctg(rs/r) and θ is the spher-
ical angle. The density differs by 2% from the undis-
turbed value at a distance∼4rs . In the case of a flowing
thermal Maxwellian plasma, and neglecting the effects of
space charges arising from the differences in ion and elec-
tron dynamics, the ion density along the wake axis is given

by n/n0=0.5
(
1−8(χ)+ cosαe−χ2 sin2 α(1+8(χ cosα))

)
,

where χ=V0/VT is the ion Mach number equal to the

http://demeter.cnrs-orleans.fr
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ratio of the bulk velocityV0 to the thermal ion velocityVT

(VT =
√

2kT /m, wherem is the ion mass,T is the temper-
ature, assumed to be the same for electrons and ions, and
8 is the error function). A similar decrease in the ion den-
sity of 2% is reached at a distance of about 9rs for χ=1
and 28rs for χ=4. The potential applied to the probe sig-
nificantly modifies the structure and the size of the sheath
region. According to Laframboise (1966), in the case of a
non-flowing plasma, the disturbed region around a spherical
probe of radiusrs=λD and at a potential 25kT /e extends to
13rs .

Taking these numbers into account, the initial size of the
simulation box was set to 30rs along the flow direction and
15rs perpendicular to it. In order to ensure that the size of
the simulation box is appropriate, we performed several tests
by looking at the variation of the collected currents as a func-
tion of the box size. We assume that the box size is adequate,
when the current variation for a larger size is less than its fluc-
tuations which arise from the representation of the particle
distribution function by a limited number of macro-particles.

2.2 Cell size and time step

In order to ensure computational stability and accuracy of
the calculated parameters, the cell size in the simulation box
must be aboutλD. The surface of the probe is modelled
as an assembly of surface elements under the form of pen-
tagons and hexagons, as shown in Fig. 1b. A correct descrip-
tion of the surface charge distribution and current collection
by the cap collectors calls for a size of these pentagons and
hexagons similar or smaller than the cap dimension. Given
the above constraints, initial runs were performed using a cell
size equal toλD and, for the pentagons and hexagons, a side
length equal toa≈0.4rs . As will be shown in Sect. 3, we
have tested the model accuracy by reducing the cell size to
λD/2. Changes in the collected currents appeared to be less
than 5%, which is the desired accuracy level of the model
determined by the number of macro-particles. In this initial
phase of the work and in order to save computation time, we
have routinely run the model with a mesh size equal toλD.

The travel timeτe of the electrons through the cells of size
λD is determined by their thermal velocityVT e and equal to
τe≈ω−1

pe /
√

2, whereωpe is the angular electron plasma fre-
quency. The ions have a thermal velocityVT i=

√
me/miVT e

and, in the case of a mesothermal flow, a bulk velocity
V0 of the order of their thermal velocity or a few times
more. Their travel timeτi can be approximated asγ τe, with
γ=

√
mi/me/(1+V0/VT i), and is thus much larger than the

electron one. In order to avoid large density fluctuations
within the computation box, the contribution of the macro-
particle in each cell, through which it travels, has to be com-
puted. Therefore, the characteristic time has to be small
enough to integrate even minor energetic particles, such as
particles with the speed(V0+2VT ), which consist of about
2% of the total population (assuming the electron distribution
to be Maxwellian withT =0.2eV ). This leads to a character-
istic time of 0.25ω−1

pe . This requirement is difficult to fulfil

due to the large difference betweenτi andτe. Since we are
looking for a stationary solution, we adopted the technique
of the numerical time step (Jolivet and Roussel, 2002; Rous-
sel and Berthelier, 2004) with two different integration time
steps for ionsτi and electronsτe, respectively.

The current collected by a surface element during the cor-
responding time stepτk is calculated asj=−

∑
i

qkNk/τk,

whereqk is the species charge (negative for electrons and
positive for ions),Nk is the number of particles of thek-
species. The computation is stopped when the computed pa-
rameters (potential, charge densities, currents) reach a sta-
tionary state and the total charge in the probe-sheath system
is zero.

2.3 Particles injection

Potential at the boundaries of the simulation box is set to 0
and particles are injected at each time step under the form of
randomly generated macro-particles, in order to reproduce
an undisturbed distribution function. From the experience
gained during initial tests of the model the number of macro-
particles was chosen such as to provide 180 particles of each
species in each cell close to the boundaries, which ensures
sufficiently low fluctuations of the computed parameters (i.e.
less than 5% of their equilibrium values). To reduce numer-
ically generated disturbances in the ion and electron plasma
density close to the boundaries (see, for example, Roussel
and Berthelier, 2004), the macro-particles are actually in-
jected from a pre-box region of extentλD/2 with a uniform
spatial distribution.

2.4 Computation of the volume and surface charges

To compute the charges deposited in the volume cells of the
simulation box by the macro-particles, each of them is con-
sidered as a cube of dimensionλD with a uniform charge
density. The macro-particle contribution to each of the 8 ad-
jacent cells is taken in proportion to the common volume of
this cube with the cell itself. The potential at the centre of any
elementk, be it a volume or a surface element, is expressed
as a sum of the individual contributions due (i) to the charges
on the surface elementsi 6=k, (ii) to the volume charges in the
cellsj 6=k and (iii) to the charges of the elementk itself, i.e.

ϕk=

∑
i 6=k

qsi

4πε0rik
+

∑
j 6=k

qvj

4πε0rjk

+
qk

4πε0
φkk. (1)

Here the chargeq of any element is supposed to be located
at the centre of mass of the element,rlm is the distance be-
tween the centres of the elementsl andm, andsk (vk) is the
surface (volume) of the element. The last term represents
the contribution of the charge of the elementk itself, which
may be written (see Kolesnikova, 1997) asφkk=

1
sk

∫∫
sk

ds
ρk

for

a surface element andφkk=
1
vk

∫∫∫
vk

dv
ρk

for a volume element.

The charge distribution inside the element is considered to
be uniform;ρk is the distance between the centre of mass
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Fig. 2. (a) Ion current collected by spherical probe in the case
ϕ=−20kT /e, λD=rs=2 cm, Te=Ti=T =0.2eV . The current is
normalised by its valuej0=2

√
πer2

s nVT atϕ=0V . Upper, middle
and lower curves correspond, respectively, to an H+ plasma with
V0=VT i , V0=2VT i and to an O+ plasma withV0=4VT i . Blue
lines represent calculated values of the ion current at each itera-
tion and red lines represent their averages over a period of 5γω−1

pe .
(b) Variation of the total volume (red line) and surface (blue line)
charges for the caseV0=VT i . Global charge of the system is shown
in black. Charges are normalised by the surface charge in a vacuum.

and a given position. Once the volume charges in the cells
are determined, surface charges are computed from the linear
system obtained by using expression Eq. (1) for each surface
elementk and the condition that the potential on the surface
is equal to the desired value8. The complete set of volume
and surface charges is then used to compute the electric field
inside the simulation box which controls the particles motion
during the next iteration.

In our model, the sphere is represented (Fig. 1b) by a set
of 12 pentagons and 20 hexagons with a sidea≈0.4rs , for
whichφkk=

4
a

ln[(sinβ+1)/ cosβ], with β=36◦ and 30◦, re-
spectively. For the simple case of a sphere in vacuum, this
entails an underestimate of the total charge by about 5% com-

Fig. 3

Fig. 4

a b

Fig. 5

 

Fig. 3. Potential distribution along thex-axis parallel to the bulk
velocity in an O+ plasma withV0=4VT i . Plasma parameters and
probe potential are the same as in Fig. 2, where the potential is
normalised by plasma temperature. Direction of the bulk velocity is
indicated by an arrow.

pared to the true value 4πε0rs . The same ratio between ac-
tual and computed charges must also hold in the presence of
a sheath since this is only a geometrical effect. This factor
is taken into account by multiplying the contributions of the
surface charges by 1.05 in Eq. (1).

2.5 Performances overview

In order to illustrate the above discussion, we present in
Fig. 2 the evolution of the total ion current collected by the
probe and of the total space and surface charges as a function
of the simulation elapsed time. These results were obtained
for a probe polarised at a negative potentialϕ=−20kT /e

in a plasma withλD=rs=2 cm andTi=Te=T =0.2eV . The
current is normalized with respect to its value at 0V , i.e.
j0=2

√
πer2

s nVT . Upper, middle and lower curves in Fig. 2a
correspond to a H+ plasma with a bulk velocityV0=VT i ,
V0=2VT i and to an O+ plasma withV0=4VT i , respec-
tively. Computed values of the ion current are shown in
blue, whereas their average over a period equal to 5γω−1

pe is
shown in red. In all cases, currents reach a stationary state at
∼30γω−1

pe , well before the end of the simulation (45γω−1
pe ).

Figure 2b displays the evolution of the total charge in the
sheath (in red), the total charge on the probe surface (in blue)
and the global charge in the system (in black) in H+ plasma
with V0=VT i . The charges are normalized with respect to
the surface charge of the spherical probe in a vacuum, i.e.
4πε0rsϕ. The global charge neutrality of the probe-sheath
system is reached at∼30γω−1

pe and persists thereafter with
an accuracy better than 1%.

An example of the potential distribution along thex-axis
parallel to the bulk velocity is shown in Fig. 3 for an O+

plasma withV0=4VT i . Plasma parameters and probe poten-
tial are the same as in the above Fig. 2. The potential is nearly
constant and equal to 0 (potential in the undisturbed plasma)
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Fig. 4. (a) Ion current averaged over a period of 5γω−1
pe ; (b)

potential distribution along thex-axis parallel to the bulk ve-
locity in the case of O+ plasma withV0=4VT i , λD=rs=2 cm,
T =0.1eV , ϕ=−40kT /e. Red and black lines stand for the results
of the model with the cell size ofλD/2 andλD , respectively.

at distances from the probe surface larger than∼7rs on the
front side and∼9rs in the wake. Its continuity with the po-
tential in the undisturbed plasma demonstrates that the size
of the simulation box is adequate.

Finally, we have presented in Fig. 4 results obtained for
two different dimensions of the cell sizes in the simulation
box, namelyλD (in back) andλD/2 (in red), in the conditions
ϕ=−40kT /e, λD=rs=2 cm andT =0.1eV for O+ plasma
with V0=4VT i . Differences in the total current (Fig. 4a) and
in the potential distribution in the sheath (Fig. 4b) are neg-
ligible. The angular current distribution for theλD/2 mesh
size is compared to that for theλD mesh size in Fig. 12 of
Sect. 4. Again no significant difference is noticeable. For
this reason, we use in the following aλD mesh size which
allows much faster computation without any significant loss
of accuracy.

Fig. 3

Fig. 4

a b

Fig. 5

 

Fig. 5. Normalised current as a function of normalised attractive
potential of a spherical probe of radiusrs=2 cm in a non-flowing
plasma withλD=2 cm andTe=Ti=0.2eV . Results of Lafram-
boise (1966) are shown as blue dots, model results are shown as
red dots.

3 Probe response in a non-flowing isotropic plasma and
model validation

In order to validate our model, we compare the results with
those given by Laframboise (1966), who developed an it-
erative method for the numerical steady-state solution of
the Poisson equation and the collisionless Boltzmann equa-
tion in thermal non-flowing plasma in spherical and cylin-
drical symmetries. We consider the case of a spherical
probe in a plasma with the following characteristics: elec-
tron density 2.8·104 cm−3, equal ion and electron tempera-
turesTe=Ti=T =0.2eV , corresponding to a Debye length
λD=2 cm, and a ratiors/λD equal to 1. Figure 5 shows
a comparison between the total current collected by the
sphere as obtained with our model (red dots) and with that
of Laframboise (blue dots), for several values of the probe
potential. The potential is normalized to the temperature and
the current to its value at plasma potential. Clearly, currents
given by the two models are in excellent agreement. In Fig. 6
we have compared the structure of the sheath obtained in the
two models by plotting (a) the electron (in red) and ion (in
blue) charge densities in the sheath and (b) the potential. The
Laframboise solution is shown as a solid line and results from
our model are represented by dots. Again, the good agree-
ment between the two sets of results validates our numerical
model, in particular the choice of its parameters (size of the
simulation box, space and surface elements, integration time
etc.).

4 Probe response in a flowing plasma

The plasma bulk velocity produces an asymmetry of the
charge distribution in the sheath region and the formation of
a wake behind the probe. It therefore modifies the current
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Fig. 6. (a) Density distribution around the spherical probe for at-
tracted (blue) and repelled (red) particles;(b) potential profile in
the sheath in the case of a non-flowing plasma withλD=rs=2 cm,
probe potentialϕ=−25kT /e. Results of Laframboise are shown
by solid lines and the model solution by dots. Charge densities are
normalised by their values in the undisturbed plasma, distances by
the Debye length, potentials by plasma temperature.

collection, leading to an asymmetry of the current distribu-
tion over the probe surface. In the case of satellite observa-
tions in the ionosphere, the bulk velocity mainly arises from
the satellite orbital speed (7.5 km s−1 for a circular orbit at
an altitude of 700 km), while the drift velocity in the Earth’s
reference frame amounts to only about≤15% of the plasma
velocity in the probe reference frame. Under the considered
plasma conditions, the drift velocity is much smaller than the
electron thermal velocity (267 km s−1). It is of the same or-
der of magnitude as the H+ thermal velocity (6.2 km s−1) and
a few times larger than the O+ thermal velocity (1.5 km s−1).
Therefore, the plasma flow will mainly modify the ion branch
of the collected current. This is why we focus on the case of
a negatively polarised probe.

Shown in Fig. 7 are the variations of the current on the
entire sphere as a function of the probe potential for an H+

plasma with the same parameters as above and with 3 differ-

Fig. 6

a b

Fig. 7
Fig. 7. Normalised current versus normalised potential in an H+

plasma withV0=0 (black),V0=VT i (blue),V0=2VT i (green) and in
the O+ plasma withV0= 4VT i . Dots stand for the computed values
and their fit is shown as a solid line. Plasma and probe characteris-
tics are identical as in Fig. 2.

ent Mach numbersχ=V0/VT (i.e. 0 (non flowing plasma, in
black), 1 (blue), 2 (green)) and for an O+ plasma withχ=4
(red). Dots are used to indicate the computed values and an
empirical best fit by a function of the formα(1−eϕ/kT )β is
shown as a solid line. The ion branch of the collected cur-
rent extends from the lowest value of the applied potential
(−35kT e) to the floating potentialϕf , which is a fewkT e

negative (for example,−6kT e for the O+ plasma). In this
range, the attracting probe potential is much larger than the
H+ energy (0.2 eV forχ=1 and 0.8 eV forχ=2) and an or-
der of magnitude larger than the kinetic energy of the oxygen
(3.2 eV). The electron branch of the ion-voltage characteris-
tics extends above the floating potential. The ion currents
vary approximately asχ−1

[mi/mp]
−0.5 and, therefore, the

total ion current decreases due to (i) an increase in the bulk
velocity with respect to the thermal velocity or (ii) an in-
crease in the heavy ion concentration.

The angular distribution of the current collected over the
probe surface is controlled by the direction of the plasma
flow which determines the symmetry axis of the current dis-
tribution. In addition, the current distribution also depends
on the ratio between the ion bulk energy and the attracting
potential of the polarized probe and also on the ion Mach
number. Ions with a large bulk velocity and which travel
along trajectories that do not intersect the probe do not get
in the wake if their bulk energy is much larger than the at-
tracting potential. However, a high thermal velocity (hence
a low Mach number) modifies this situation by diffusing the
ions into the wake. Under the action of the electric field in
the sheath, the ions will be accelerated in the front part of the
sheath (which faces the flow direction) and will be slowed
down in the rear part of the sheath. Therefore, the front part
of the sheath will have a lack of positive charge, due to the
ion large velocity, compared to the rear part where the ions
are slowed and their density is increased accordingly.
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Fig. 8. (a)Trajectories of O+ ions in a cold beam model with ve-
locity equal to 6.2·103 m s−1 in the field of the negatively polarised
sphere withϕ=−4 V; (b) corresponding current angular distribu-
tion, θ is the angle between the velocity vector and the outward
normal to the probe surface.

In order to illustrate the physics of the problem, we con-
sider the case of a cold ion beam that flows towards a neg-
atively polarized probe. To mimic the role of the attracting
electric field in the sheath, we take a constant electric field
equal to 0.45ϕ/rs around the probe, up to a distance of 2rs
and decreasing asr−2

s at larger radial distances. Although
fairly simple, this model adequately describes the influence
of the field on ion trajectories around a negatively polarized
sphere withrs=λD. Trajectories of O+ ions with a bulk ve-
locity of 6.2 ·103 m s−1 that move in such a field are shown
in Fig. 8a in the case of a sphere potentialϕ=−4V . The ions
move from left to right and their trajectories are launched
with a uniform distribution at the planex=−3rs . The at-
tracting electric field of the probe focuses the ions in a range
of 2.3 to 3.5rs in the wake. Particles that cross the plane
x=−3rs at a distance from thex-axis, betweend1 andd2,

Fig. 8

Fig. 9

a b

a b

Fig. 8

Fig. 9

a b

a b

Fig. 9. (a) Trajectories of H+ ions and(b) corresponding current
angular distribution over the probe surface. Conditions are identical
to those in Fig. 8.

carry a current which is proportional toπ
∣∣d2

2−d2
1

∣∣. If these
particles hit the sphere surface over an angular sector defined
by the anglesθ1 and θ2 (whereθ is the angle between the
particle velocity and the outward normal to the probe sur-
face), the current density in this sector will be proportional
to 0.5

∣∣d2
2−d2

1

∣∣ r−2
s |cosθ1− cosθ2|

−1. The angular distribu-
tion of the current over the entire surface can be obtained by
applying this formula to pairs of neighbouring trajectories.
As an example, Fig. 8b displays the current distribution ver-
sus angleθ obtained from trajectories shown in Fig. 8a. The
current reaches its maximum on the front part of the spherical
probe (θ=180◦) and drops down quasi exponentially whenθ

decreases. For light ions, such as H+, the situation is dif-
ferent, as is illustrated in Fig. 9, which displays (a) the ion
trajectories and (b) the resulting current distribution. The
attracting potential of the probe (20 times greater than the
ion bulk energy) attracts all particles with initial trajectories
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Fig. 10

a b

Fig. 11

a b

Fig. 10

a b

Fig. 11

a b

Fig. 10. Positive (blue) and negative (red) charge densities along
thex−axis parallel to the flow velocity forϕ=−20kT /e (a) in an
H+ plasma withV0=VT i and(b) in an O+ plasma withV0=4VT i .
Plasma and probe parameters are the same as in Fig. 2. Charges are
normalised by their values in the undisturbed plasma, distances by
the Debye length.

within 5.5rs from thex−axis. As seen in Fig. 9a, the den-
sity of trajectories that hit the probe surface increases when
the impact location on the sphere moves from the front to
the wake side. As a result, the current follows the same be-
haviour (Fig. 9b).

In a plasma with a non-zero temperature, the thermal ve-
locity will modify the current collection by the probe, espe-
cially in the case of light ions with a smaller Mach number
than that of heavy ions. Nevertheless, we may expect that the
main feature of the cold plasma model, i.e. a strong decrease
of the current on the rear part of the probe for heavy ions and
an increase of the current on this rear part for light ions, is
still conserved. The results obtained from our model are pre-
sented in Fig. 10, which shows the charge density distribution
of electrons (red line) and ions (blue line) along thex−axis
for the conditionsT =0.2 eV,rs=λD=2 cm,ϕ=−20kT /e (a)

Fig. 10

a b

Fig. 11

a b

Fig. 10

a b

Fig. 11

a b

Fig. 11.Current angular distribution in an H+ plasma withV0=VT i

(blue),V0=1.3VT i (blue dashed),V0=2VT i (green) and in an O+

plasma withV0=4VT i (red),V0=5.2VT i (red dashed). Dots indi-
cate computed values, solid lines represent their fits. Currents are
normalized to their values forθ=180◦. Plasma and probe char-
acteristics are the same as in Fig. 2 and(a) ϕ=−20kT /e, (b)
ϕ=−10kT /e.

in a H+ plasma withV0=VT i and (b) in an O+ plasma with
V0=4VT i . The maximum of the ion density in the wake re-
gion is found to be located just in the vicinity of the probe
surface for the H+ plasma and between 2–3λD in the O+

plasma. These results are in agreement with the simple cold
beam model. As mentioned in the beginning of this para-
graph, the ion space charge density is greater in the wake
than on the front sheath, owing to the effect of the ion slow-
ing in the near wake and to their accelerating in the front.

The computed angular distributions of the current are
shown in Fig. 11 for five cases, i.e.V0=VT i (blue),
V0=1.3VT i (blue dashed),V0=2VT i (green) in the H+

plasma andV0=4VT i (red), V0=5.2VT i (red dashed) in the
O+ plasma. Plasma conditions are identical to those in
Fig. 10 and the probe potential is set toϕ=−20kT /e and
ϕ=−10kT /e, respectively, in Figs. 11a and b. Dots show the
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computed values and their fit by an exponential law is shown
as a solid line. Currents are normalized to their values for
θ=180◦. The current distribution in the O+ plasma is nearly
the same as that obtained from the simple cold beam model,
with a maximum at 180◦ and an exponential decrease when
θ decreases. The current collected by the probe on its sector
facing the wake does not show any effect due to the increase
of the ion space charge density along the wake direction close
to the probe surface. This is due to the fact that the nega-
tive probe potential is not large enough to attract them. In
the front side, the current distribution in the H+ plasma with
V0=VT i differs from that predicted by the cold beam model.
The current is maximum for the ram direction (θ=180◦) and
does not show any significant decrease over a large sector
of the front face (up toθ=100◦), the distribution being thus
very close to that of a non-flowing isotropic plasma. In the
rear side (θ<90◦), the current, which decreases up toθ an-
gles of about 45◦, increases then and displays a maximum
along the wake direction. In this case the potential of the
probe is large enough to attract the ions accumulated in the
wake. If the H+ bulk velocity is increased or if the attracting
potential is decreased (both effects resulting in a decrease in
the ratio between the attracting potential and the ion bulk en-
ergy), the current distribution then becomes narrower on the
front side and the current is reduced on the rear side. At this
stage, it is interesting to note that accurate measurements of
the current angular distribution in the rear side of the probe
for several probe potentials could provide a way to disen-
tangle the two competing parameters that control the current
distribution, i.e. the bulk velocity and the ion composition,
and possibly to retrieve these two parameters.

As mentioned in Sect. 2, we present in Fig. 12 a com-
parison of the angular distribution of the current obtained in
the case of an O+ plasma for two mesh sizes in the simula-
tion box,λD andλD/2. The differences between these two
curves are minor and within the accuracy of the model which
validates the use of aλD mesh size.

5 Preliminary evaluation of the probe capability to de-
duce the plasma bulk velocity

Instruments that are well suited to measure ion velocities in
the ionosphere are based on a combination of a drift me-
ter and a retarding potential analyser. This technique was
proposed many years ago through the pioneering work of
W.B. Hanson (see, for example, Hanson et al., 1973; Han-
son and Heelis, 1975; Heelis et al., 1981). Careful data re-
duction algorithms (Hanson and Heelis, 1998; Séran, 2003)
can provide the ion flow velocity with an accuracy as good
as∼±10 m s−1 for the transverse velocity and±10% for the
ram velocity. The goal of the Segmented Langmuir Probe
(SLP) is to use the Langmuir probe as an alternative tool to
deduce the ion bulk velocity, in addition to the routinely mea-
sured electron density and temperature. It is clear that an
accuracy as good as that provided by the ion analyzer tech-
nique is probably out of reach, at least at the present stage

Fig. 12

Fig. 13

Fig. 12. Current angular distribution in an O+ plasma with
V0=4VT i , λD=rs=2 cm,T =0.1eV , ϕ=−40kT /e. Red and blue
lines stand for the results of the model with the cell size ofλD/2
andλD , respectively. Currents are normalized to their values for
θ=180◦.

of development of the instrument. Nevertheless, the SLP has
two interesting advantages, i.e. (i) it also provides the ther-
mal electron parameters, (ii) it only requires modest space-
craft resources in terms of mass, volume, power and, more
importantly, attitude control. This can be of interest for plan-
etary missions, for example, where a modest accuracy in the
determination of plasma velocity would be sufficient.

Let us briefly examine the SLP capabilities to derive the
ion flow velocity based on the initial results of our model.
Consider the case of an O+ plasma, since this is the major ion
during daytime at terrestrial mid latitudes, as well as in the
auroral and polar regions at∼700 km altitude, and look sepa-
rately at the effects of a component of the ionospheric plasma
velocity (i) perpendicular or (ii) parallel to the satellite orbital
velocity. In the SLP configuration onboard DEMETER, the
surface collectors are located on the front and side parts of
the probe, i.e. at angles of 180◦, 135◦ and 90◦ (Fig. 1a) with
respect to the orbital velocity. Figure 11 demonstrates that
the angular variation of the normalized current in the [90◦,
135◦] angular range is about 0.01/deg in the O+ plasma and
two times less in the H+ plasma. Taking into account the pre-
dicted accuracy of about 5·10−3 of the current measurements
by the SLP collectors, a change by 1◦ of the flow velocity
direction perpendicular to the symmetry axis of the probe
appears to be a reasonable sensitivity limit. Such a change
in the flow direction corresponds to a velocity component
of the ionospheric plasma of 130 m s−1 perpendicular to the
satellite velocity along a 700-km circular orbit. A variation
of the ionospheric plasma bulk velocity component parallel
to the satellite orbital velocity of 1860 m s−1 (Fig. 11a) in-
duces a change in the ratio between the 180◦ and 90◦ collec-
tor of 14%. From the measurement accuracy (5·10−3), we
can therefore estimate that the SLP should be able to detect
an ionospheric plasma velocity of 66 m s−1 along the axis of
the satellite orbital velocity. To obtain these simple estimates,
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Fig. 12

Fig. 13

Fig. 13. Currents measured by SLP in the night sector at
−50◦ magnetic latitude in the conditionsλD≈2 cm, T ≈0.15eV ,
eϕ=−20kT . Black and red dots stand for the currents measured in
the plan xoy and xoz, respectively. Currents are normalized to the
current recorded by the segment located at 180◦. The red dashed
line is the same as that which is presented in the Fig. 11a, the black
dashed line is the same as the red one but is shifted alongθ-axis by
6◦.

we assumed that the only species in the ionospheric plasma is
O+ and that the ion temperature is known. Although the SLP
onboard Demeter is not routinely operated, there are a few
orbits when it made the measurements. We present the cur-
rents measured by individual segments of the SLP in plasma
conditions which are close to those considered in our paper,
i.e. λD≈2 cm, T ≈0.15eV . These observations were made
on 2 October 2004 in the night-side sector at about−50◦

magnetic latitude. Black and red dots in Fig. 13 stand for
the currents measured in the plan xoy and xoz, respectively.
All currents are measured in the caseeϕ=−20kT (like in
Fig. 11a) and are normalized to the current collected by the
segment located at 180◦, the normal of which is parallel to
the satellite velocity. The red dashed line is the same as that
which is presented in the Fig. 11a and is used to fit the cur-
rent distribution in the case of O+ plasma flowing with the
velocity V0=4VT (O+) with respect to the probe. The black
dashed line is the same as the red one but is shifted by 6◦

along theθ -axis. These measurements show a really good
agreement with our model.

Of course, more work needs to be done to study in details
the operation of the SLP and to evaluate its performance in
the domain of ion velocity measurements. It should be inter-
esting, in particular, to study if the SLP can directly provide
measurements of the ion temperature and of the ion compo-
sition, as mentioned in Sect. 4. There are also a number of
effects that have not been considered, such as the influence
of the magnetic field or the photoelectron emission due to so-
lar UV, which may create additional asymmetries and modify
the current collection.

6 Conclusion

We have built a PIC numerical model that is well adapted to
the problem of current collection by the Segmented Lang-
muir Probe, which is part of the scientific payload the
DEMETER micro-satellite. With the aim to validate our nu-
merical model and its accuracy, we compared our results with
those obtained by Laframboise (1966) in a non-flowing ther-
mal plasma and found a very good agreement. Extension of
the model in the case of a flowing plasma under conditions
VT (O+)<VT (H+)≈V0�VT e has allowed us to demonstrate
that the current collection of a negatively polarized probe is
very different for heavy (O+) and light (H+) ions:

– even a minor H+ density results in a significant increase
of the total current;

– the current distribution on the front part of the spherical
probe steeply decreases with the angle in an O+ plasma
and is practically uniform in an H+ plasma;

– the H+ ions are attracted in the wake and contribute sig-
nificantly to the current collection on the wake side of
the probe.

Taking into account the predicted accuracy of the current
measurements by the SLP collectors, we conclude that a
plasma velocity of about 150 m s−1 perpendicular to the
satellite orbital velocity can be resolved from the SLP mea-
surements in an O+ plasma, while this threshold increases to
∼250 m s−1 in a H+ plasma.

First observations made by the SLP onboard Demeter in
plasma conditions similar to those considered in this paper
show a good agreement with our model. More work remains
to be done to investigate in detail the operation of the SLP in
different plasma conditions.
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