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LEO Charging of the PICASSO Cubesat
and Simulation of the Langmuir

Probes Operation
Andreas Waets , Fabrice Cipriani , and Sylvain Ranvier

Abstract— The sweeping Langmuir probe (SLP) instrument
is a payload of the European Space Agency’s (ESA) in-orbit
demonstrator PicoSatellite for Atmospheric and Space Science
Observations (PICASSO) cubesat, measuring the plasma environ-
ment in a high-inclination low earth orbit (LEO) orbit. Because
of the small size of the spacecraft (0.3 m × 0.1 m × 0.1 m),
the spacecraft floating potential can significantly drift when
sweeping the probe bias voltage, affecting the current–voltage
characteristic from which plasma parameters are retrieved.
In LEO, the spacecraft generally encounters a high-density, cold
(less than 1 eV) plasma environment, but due to the high orbital
inclination, PICASSO passes the auroral regions exposing the
spacecraft to precipitating fluxes of hot (several kiloelectron volts)
electrons with potentially harmful, high-level spacecraft charging
as a result. To investigate the spacecraft charging and the in-orbit
operation of the Langmuir probes in both of these regimes,
simulations of PICASSO were carried out in Spacecraft Plasma
Interaction System (SPIS). The conditions of the LEO plasma
and the constraints imposed by the particle-in-cell (PIC) models
on the mesh size make this type of plasma simulations a very
challenging task.

Index Terms— Aurora, cubesat, Langmuir, LEO, plasma,
probe.

I. INTRODUCTION

P ICOSATELLITE for Atmospheric and Space Science
Observations (PICASSO) is a cubesat-based project

initiated by the Royal Belgian Institute for Space Aeronomy
(BIRA-IASB) and administered by the European Space
Agency (ESA) as an in-orbit demonstrator of scientific appli-
cations from low earth orbit (LEO) cubesat platforms [1].
The objective of the PICASSO mission is to demonstrate
the capacity of low-cost nanosatellites to perform remote and
in situ scientific measurements and to bring the instruments
and on-board data processing components to high technology
readiness levels. The scientific payload of the spacecraft
consists of VISION, a tunable spectral imager which will
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TABLE I

EXPECTED PLASMA PARAMETERS (ADAPTED FROM [3])

retrieve a vertical ozone profile by observing the earth’s
atmospheric limb during the orbital solar occultation, and
sweeping Langmuir probe (SLP), an upgraded version of the
traditional Langmuir probe. The charging behavior of the
PICASSO spacecraft is affected by the operation of the SLP
instrument due to the biasing of Langmuir probes with respect
to the spacecraft electrical ground. In turn, the interpretation
of the SLP data will also rely on a numerical model permitting
to simulate the probes response to the environment. The
simulation of PICASSO charging in an LEO environment
and of the current–voltage (I–V ) characteristics of the probes
using Spacecraft Plasma Interaction System (SPIS) [2] is the
primary focus of this paper.

The LEO plasma environment which PICASSO will
encounter is described in Section II. In Section III,
the PICASSO spacecraft is described along with a detailed
overview of the SLP instrument, followed by the results
from the SPIS simulations in Section IV, which are further
discussed in Section V. Our conclusions are summarized
in Section VI.

II. LEO PLASMA ENVIRONMENT

PICASSO will be launched in an LEO with a current
baseline altitude of ∼550 km and an inclination of 98◦ [3],
completing an orbit approximately every 90 min. The Lang-
muir probe instrument on-board is designed to measure plasma
parameters between 400 and 700 km, in case PICASSO is
required to operate at an orbital altitude different from the
baseline. The spacecraft will fly through the middle and upper
layers of the ionosphere where it predominantly encounters
high-density, cold plasma. Expected plasma parameter ranges
are given in Table I.
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The LEO plasma environment is generally considered to
be benign concerning spacecraft charging risks [4], except in
the auroral regions. At the altitude of PICASSO, the spacecraft
velocity is said to be mesothermal, i.e., it is faster than the ion
thermal velocity but lower than the electron thermal velocity

vi < vS/C < ve (1)

with the particle thermal velocity equal to ve,i =
(2 kTe,i/m)1/2. In this regime, the spacecraft will produce a
wake when moving through the plasma: the low ion velocity
causes a depleted ion region directly downstream of the
spacecraft [5]. As a consequence, the potentials on dielectric
surfaces in the plasma wake will tend to be negative with
respect to the plasma in eclipse because electrons have larger
mobility than ions and the majority of ions can only access
the ram spacecraft side. The wake side is also depleted of
electrons, due to the negative potential resulting from the
space charge of those electrons that are present. However,
the electron thermal velocity ensures that negative charges
can reach all surfaces. The low plasma energy and large
plasma density in LEO keep the surface potentials on the
spacecraft to be limited, remaining between a few tenths
of volts negative and up to a few volts positive when the
spacecraft is illuminated by sunlight [6].

The high inclination (98◦) of PICASSO’s orbit will cause
the spacecraft to periodically cross the cusps in the earth’s
magnetosphere where high-energy auroral electrons can be
encountered. These precipitating high-temperature (>10 keV)
electron fluxes seem to correspond with ion depletion regions
(<1010 m−3) [4], and in this environment, spacecraft has been
observed to charge to a highly negative potential (several
kilovolts) as reported, e.g., for the Defence Meteorological
Satellite Program (DMSP) spacecraft in [7]. When the space-
craft surface is made of materials with different conductivities,
especially dielectrics, there is a risk of severe differential
charging triggering electrostatic discharges. Due to the similar
orbit as DMSP and the presence of dielectric surface materials
on PICASSO, we have assessed the effect of the auroral
plasma environment on the spacecraft.

III. PICASSO SPACECRAFT AND SLP INSTRUMENT

The PICASSO spacecraft has the dimensions of a generic
3U cubesat platform (340.5 mm × 100 mm × 100 mm)
featuring four deployable panels, acting as solar arrays [1].
The spacecraft (S/C) itself is covered in a conductive gold
layer, and the back side of the solar panels is made of a
nonconductive epoxylike layer. The solar cells are covered
with glass, which is also nonconductive. A 3-D CAD rendering
of PICASSO is shown in Fig. 1.

The SLP instrument consists of four individual cylindrical
Langmuir probes mounted on the extremities of the solar
panels to ensure that at least one probe is out of the S/C wake
at all times [3]. The probes are 40-mm-long Ti tubes of 2-mm
diameter, connected to the solar panel via a 40-mm-long boom.
In nominal mode, SLP sweeps the potential of the probes from
−5 to +13 V with respect to the S/C floating potential while
the collected current by the probes is measured to extract an IV

Fig. 1. CAD rendering of the PICASSO cubesat illustrating deployed solar
panels and mounted Langmuir probes on the edges.

characteristic. For sufficiently negative potentials, electrons are
repelled and only ions are attracted, and the probes measure
the ion saturation current from which the ion density can be
retrieved. On the contrary for positive potentials, the probes
collect the electron saturation current from which the electron
density can be extracted. The electron temperature and the
S/C potential are retrieved from the electron retardation region,
where the potential of the probes is close to that of the plasma
so that both ions and electrons are attracted [8].

The issue with operating Langmuir probes on a cubesat is
the limited amount of conducting collecting surfaces: when
the probes are swept with a positive bias, the S/C will conse-
quently charge negatively to achieve a neutral current balance.
This charging will lead to a drift of the S/C potential during
the sweep, making the data unstable and unusable. There is
also the risk that the potential of the S/C drops so much that
the probes cannot be biased to measure properly in the electron
saturation region. To circumvent this problem, a technique
using two probes is used: one probe is biased to measure
the collected current, while another probe only measures the
spacecraft floating potential. This way, the consistent I–V
characteristics can be retrieved. To ensure that the probes can
sweep properly in the electron saturation region all along the
orbit, the conducting surface of the S/C has been increased to
have at least 200 cm2 on all sides of the S/C.

IV. SPIS SIMULATIONS AND RESULTS

The LEO plasma that PICASSO will encounter is relatively
benign toward spacecraft charging effects since it is composed
of cold and high-density plasma [4]. In any space plasma,
the spacecraft acts as a Langmuir probe, which potential
will float to a surface potential determined by an equilibrium
current balance. In a nondrifting plasma with a Maxwellian
temperature distribution, a surface typically charges to about
three times the electron temperature [9], which, considering
the environment parameters given in Table I, is generally
several tenths of a volt negative. The high density and the
mesothermal S/C velocity lead to high current densities, which
makes high surface potentials impossible [5]. In cold plasma,
the perturbation caused by potential is also more effectively
screened from the surroundings and stays limited to a region
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TABLE II

SPIS SIMULATION ENVIRONMENT PARAMETERS

known as the sheath. The typical length scale of a sheath is
the Debye length

λD =
√

�0kB T

e2n
(2)

where �0 is the permittivity of the vacuum, kB T is the
particle’s thermal energy, n is the plasma density, and e is
the elementary charge. Since the Debye length is small,
the spacecraft is large compared with the size of the sheath
even for small-sized cubesats. The distribution of charges
needs to be considered as a continuum instead of a collection
of distinct pointlike charges requiring the spacecraft-plasma
interaction problem to be solved using Poisson’s equation

∇2� = − ρ

�0
(3)

where � is the scalar potential and ρ is the space charge
density [10]. Solving (3) can be done numerically using
the particle-in-cell (PIC) method, which requires the proper
definition of a mesh. PIC codes such as SPIS require the
resolution of the mesh elements to be less than half of
the Debye length to produce physical results, making LEO
simulations a numerically heavy and in most cases unfeasible
task. However, the limited size of PICASSO and the associated
simulation volume enable us to use a PIC model to simulate
spacecraft charging. A description of the baseline simulation
environment parameters is given in Table II.

A plasma environment with equal electron and ion tem-
perature (0.2 eV) and density (1.0 × 1010 m−3) was chosen
as a representative case for PICASSO. This value is on the
lower end of the density range detailed in Table I but was
chosen to yield reasonable computation times and physical
results in SPIS. A typical LEO orbital velocity (7500 m/s)
was converted to an equivalent ion drift velocity flowing in
the opposite direction of the spacecraft. The implementation of
this drift velocity was necessary to reproduce the wake effect
and requires the use of a PIC population for the ions, which
are assumed to be solely composed of oxygen atoms (O+).
A fluid approximation is used for electrons represented by
the Maxwell–Boltzmann distribution. The collected electrons
currents are computed using an Orbital Motion Limited (OML)
approximation, which can results in up to 20% error when
considering very positive potentials (∼10 V) at the positive end
of the LP sweep range [11]. A new collection scheme is being
implemented in the code to overcome such limitations and was
not ready at the time of this paper. The plasma is considered to
be collisionless and unmagnetized. In the LEO environment,

Fig. 2. Geometrical model of PICASSO inside an ellipsoidal computational
volume used for the PIC simulations, including one LP on the +Z -oriented
solar panel. The spacecraft velocity was fixed along the positive x-axis
(indicated by the gray arrow), and the rotation of the spacecraft is defined
around the y-axis as the angle between the positive z-axis (fixed) and the axis
going through the LP. The actual S/C attitude during operation will not be
maintained as represented here, and this configuration was only chosen as a
baseline for simulations.

PICASSO will encounter, and the electron gyroradius is less
than 10 cm and for ions several meters [4]. The magnetization
can be estimated by calculating the ratio of the respective
gyroradii to the typical length scale, resulting in a weakly
magnetized plasma for electrons and unmagnetized plasma
for ions. The decision to not take into account magnetic field
effects was made for computational purposes, and its possible
consequences will be further discussed in Section V.

The environment detailed in Table II corresponds to a Debye
length of 3 cm, smaller than the length scale of PICASSO itself
but much larger than, e.g., the Langmuir probe radius (1 mm).
The mesh resolution was chosen on all parts of the spacecraft
and in the simulation volume to be 1 cm in order to meet
the Debye length criterion. The S/C geometry respects the
exact dimensions and surface areas of PICASSO including
the requirement of having a 200 cm2 collecting area on each
side. The simulation geometrical model is shown in Fig. 2.
The materials used for the spacecraft surfaces were gold
(including the LP), cover glass for the solar cells (only on the
+X-oriented side of the S/C), and epoxy for the back side of
the solar panels. The different material groups are connected
through a simplified electrical circuit without voltage bias
between the groups themselves, allowing each group to float
freely with respect to each other.

A. LEO Charging Environment

The surface potential evolution in eclipse for the different
parts of PICASSO in the simulated environment (see Table II)
is shown in Fig. 3. Due to the absence of photoemission
currents, all potentials are negative with the S/C ground
equilibrating at −0.725 V. The dielectric material on the back
side of the solar arrays charges to roughly −2 V. An LP sweep
was programmed to start at 10 s and includes 20 fixed-bias
voltage steps between −5 and 13 V (PICASSO’s operating
limits). Measurements of the collected electron and ion cur-
rents were taken with a delay after each voltage step to ensure
the stabilization of the surface potentials, and in this way,
the impact of biasing the Langmuir probes was assessed. From
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Fig. 3. Surface potentials in eclipse as a function of time for the four
electrical nodes in the S/C simulation model. The surface potentials for all
materials are contained between 0 and −2 V in equilibrium. The effect of
the LP sweep voltage stepping can be seen in the potential evolution on all
nodes, most prominently on the S/C ground and epoxy surface potential. Due
to the effect of the bias voltage with respect to the S/C ground, the slope of
the sweep steps is reduced, reaching a maximum of roughly 6 V positive and
limiting the electron saturation regime measurement range.

Fig. 4. (a) I–V characteristics extracted from LP sweeps in eclipse and
sunlight detailing the different regions of interest. The limitations of executing
an LP sweep on a cubesat can be seen from the shape of the eclipse I–V
characteristic: data points are intelligible up to +3-V probe voltage as opposed
to +8 V in the sunlit case, resulting from the limited amount of current that
can be drawn from the plasma. (b) More detailed view of the ion saturation
current that is negative in the I–V characteristic by convention [8].

probe voltages of +3 V and upward, the slope of the voltage
stepping decreases due to the negative bias of the S/C ground
potential. The maximum voltage of the probe with respect to
the plasma is only roughly +6 V as opposed to the +13-V
operating limit. As a consequence, the IV characteristic shows
that the collected current is falling off at +3 V, resulting in
biased data points beyond this limit (as shown in Fig. 4). This
effect is caused by the collected electron current on the probe,
which cannot exceed the ram ion current on the spacecraft
surface, necessary to establish a current balance.

For comparison, a simulation in sunlight was carried out.
The photoemission currents slightly increase the equilibrium
potentials of the surfaces, but the biggest effect is seen during
the LP sweep itself: as a result of negative charge being carried

away from the surface due to photoemission, the S/C electrical
ground is driven down less than in eclipse. The LP voltage can,
therefore, reach +10 V with usable data points up to +8 V,
as shown in Fig. 4(a). The effect of photoemission on the
resulting I–V characteristic extracted from the LP was not
analyzed here. For higher plasma densities (>1010 m−3),
the photoemission is expected to play a less important role
since the ram ion current accounts for the majority of positive
current to the spacecraft.

The effect of the solar arrays in the spacecraft circuit has
been omitted in this paper but has been reported to pose an
issue when collecting electrons for positive probe bias voltages
during the LP sweep. On PICASSO, a string of five cells with
exposed interconnects and metalized back faces can reach a
maximum voltage of 15 V at the end of the array in a cold
LEO plasma. The positive bias of solar arrays and exposed
interconnects when in sunlight can drive the spacecraft’s
floating potential down since they draw a larger negative
current from the plasma, which can be compensated by the
ram ions and photoemission (both contributing positive charge
to the current balance) [12]. By consequence, this also drives
the LP voltage with respect to the plasma down and inhibits
the proper collection of the electron saturation current, which
is further discussed in the following. Up to now, simulations
of the PICASSO circuit and LP operation did not include the
(biased) solar arrays, having that 200-cm2 conductive surface
on each side of the spacecraft was deemed sufficient to ensure
a proper biasing of the Langmuir probe [3]. This paper was
carried out during the integration of the satellite, but future
studies should address the current collection by the exposed
solar array elements and its effects on the S/C floating potential
during a sweep.

B. Effect of Spacecraft Rotation

The analysis of the PICASSO surface charging and LP
operation explained in IV-A was carried out for a fixed
orientation in which the S/C body was aligned parallel to the
velocity vector, the solar arrays, and the Langmuir probe ori-
ented perpendicular to the velocity vector. To investigate more
realistic spacecraft attitudes, this analysis can be extended
toward different angles of orientation, altering the currents on
the LP. The angles are defined between the positive x-axis and
the axis going through the LP, as shown in Fig. 2. The effect
of the orientation on the I–V characteristics and the extracted
parameters is reported in this section by detailing the behavior
in the three different I–V characteristic regions separately: the
ion saturation region, the electron retardation region, and the
electron saturation region.

1) Ion Saturation Region: The ion saturation current is
likely to be affected the most by the orientation of the S/C.
Given the fact that the S/C velocity is mesothermal, the LP
will only collect the ram ion current, i.e., only ions flowing
in a surface area projected along the S/C velocity vector will
reach the LP and a cosine modulation of collected current
is expected. Moreover, when the probe is in the wake, one
also expects to see a decrease due to the depletion of the
ion density. These effects are shown in Fig. 5, which shows
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Fig. 5. Ion saturation currents as a function of probe potential for angles
between the +z axis and the LP (as defined in Fig. 2). Comparing angles 0◦,
30◦, and 60◦ shows a reduction in collected current since, for larger angles,
the LP collects the ram current over a smaller area. The lowest amount of
collected current corresponds to the 120◦ case where the probe is in the
wake of the S/C. All saturation currents show more or less the same behavior
except for the 90◦ (when the LP is oriented parallel to S/C velocity) case.
Even though 0◦ and 180◦ correspond to the same orientation with respect to
the S/C velocity, there is a significant difference. The dashed lines indicate
the fitted curves according to (5) used to extract the ion density.

the ion saturation regions for angles between 0◦ and 180◦ in
steps of 30◦. The largest currents are observed in the 0◦ and
180◦ cases, corresponding to the maximum possible collecting
surface area of the probe. Increasing the angle from 0◦ upward,
indeed, sees a reduction in the current with the 120◦ case
as a minimum since, here, the probe is located in the wake
of the spacecraft, as shown in Fig. 6. The 90◦ case shows
a significantly different behavior than the rest of the curves,
collecting a very small current near 0-V probe potential but
increasing more rapidly toward more negative voltages.

In order to quantify these effects, the ion saturation currents
were fitted using a theoretical model. The effective area over
which the probe collects charges is determined by the sheath
thickness Rs , which depends on the probe potential. In the ion
saturation regime, the probe potential � is much larger than the
plasma temperature kB T � e�, allowing us to approximate
the sheath thickness as [13]

Rs = λD

√
2e�

kB T
(4)

in terms of the Debye length, given by (2). The ion sat-
uration current is measured for voltages roughly between
−5 and −2 V, giving the sheath thickness a minimum value
of around 15 cm. In this regime, the current collected by
the LP can be estimated using the OML theory as developed
by Mott-Smith and Langmuir [14] in a thick sheath environ-
ment [9] since Rs/Rp � 1. A generalization of the OML
current to spherical and cylindrical probes in the limit of high
drift velocity plasmas was made by Hoegy and Wharton [15],
given by

Ii ≈ −eNi AvS/C

(
1 + kB Ti

mv2
S/C

+ 2e�

mv2
S/C

)d

(5)

Fig. 6. Contour plots of the ion density in logarithmic scale around the
PICASSO spacecraft extracted from SPIS simulations for angles (a) 0◦,
(b) 60◦, (c) 90◦, and (d) 120◦ in the xz plane. The density profiles were
all extracted after 12 s of simulations at which point the Langmuir probes
were biased at roughly −1.5 V with respect to the S/C ground, explaining
the local density increase on the wake side of the LP. A density depletion is
clearly seen on the wake side of the spacecraft but is limited to within 10%
near the LP.

where Ni is the ion density, mi is the (O+) ion mass, and
A = 2Rpl cos(θ) is the probe area projected along the S/C
velocity vS/C . The exponent d equals 1/2 or 1 for cylindri-
cal or spherical probes, respectively. Note that, by convention,
the collected ion current to a Langmuir probe is considered
to be negative, whereas the electron current is considered to
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TABLE III

ION SATURATION CURRENT FIT PARAMETERS

be positive [8]. This approximation is valid for Mach numbers
(the ratio between the spacecraft velocity with respect to the
stationary plasma and the ion thermal velocity) larger than 2.5.
In the LEO plasma environment, the Mach number is ∼ 8 [4],
and hence, this expression can be used to fit the simulated
data points in the ion saturation region using a least-squares
method. The density Ni is a free parameter, ignoring the
negligible current contribution from the electron population,
as well as the exponent d to account for any effects coming
from the fact that the probe is not an ideal, infinite cylinder
but connected to the spacecraft and the large sheath size with
respect to the probe radius. The results of the fitting procedure
for angles between 0◦ and 180◦ are listed in Table III.

The ion density values extracted from the fit slightly under-
estimate but all lie within a 10% range from the imposed
simulation plasma density of 1 × 1010 m−3 except for the
120◦ case. Here, the probe is in the wake of the S/C where
the density of ions is depleted but this effect is not observed,
and on the contrary, it accounts for the largest estimated ion
density. Using (5), a fit with reasonable results for the 90◦ data
was not obtained due to the parallel orientation of the LP to
the S/C velocity. As reported in [3], the LP measuring plasma
data will be out of the wake, and hence, the results for the
90◦ and 120◦ cases are of limited importance for operation on-
board PICASSO. The values for the exponent d deviate from
the expected value of 1/2 for cylindrical probes significantly
and even reach spherical probe collection for angles 60◦ and
120◦. The deviation can be explained by the large sheath size
with respect to the probe radius for probe voltages in the ion
saturation current regime and the end effects of the LP not
being taken into account as described in [16]. This point is
further addressed in Section V.

2) Electron Retardation Region: When the bias potential
is close to the plasma potential, the measured current is the
sum of the electron and ion current. The electron retardation
current [16]

Ie ∝ exp

(
e�

kB Te

)
(6)

can be used to obtain the electron temperature Te and is
independent of geometry. The simulated data can be fitted
as a function of the probe potential �, which was done for
the 0◦ and 60◦ cases and shown in Fig. 7. For comparison,
the electron retardation current to a free-floating LP of 40-mm
length and 1-mm radius is also shown, illustrating that this

Fig. 7. Logarithm of the collected current as a function of probe potential in
the electron retardation region, shown for the 0◦ and 60◦ cases and compared
with the characteristic obtained by simulating only the LP without spacecraft.
These data points were fitted with a straight line (dashed curve) to extract the
electron temperature. The retardation region is largely unaffected by the S/C
geometry or orientation.

TABLE IV

EXTRACTED PARAMETERS FROM THE ELECTRON RETARDATION REGION

region of the I–V characteristic is, indeed, not affected
by geometry but as can be seen also not by the angle of
rotation with respect to the S/C velocity. Electrons are the
dominant collected species, whereas the ions constitute only a
minor portion of the collected current. The calculated electron
temperatures extracted from the simulated data are listed
in Table IV. This portion of the characteristic was sampled
at a higher frequency to achieve adequate time resolution, in a
similar way as will be done for the actual SLP instrument
on-board PICASSO [3].

The lower edge of the electron retardation region is defined
by the S/C floating potential [16] at which a zero net current on
the spacecraft is achieved. This was obtained by interpolating
the data points just below and above the zero current point.
The extracted values approximate the simulated S/C ground
potential (approximately −0.725 V). On the other edge of
the retardation region, the “knee” in the curve determines
the plasma potential. Fitting the data points in the retardation
region and the saturation region separately and determining
the crossing define this inflection point. Small positive values
lower than 0.5 V for the plasma potential are found, corre-
sponding to the imposed 0-V plasma potential. The calculated
values for the S/C floating potential �S/C and the plasma
potential �p for the characteristics shown in Fig. 7 are also
listed in Table IV.

3) Electron Saturation Region: For sufficiently positive
probe potentials, the ion current to the probe becomes
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Fig. 8. Electron saturation currents as a function of probe potential. A little
variation as a result of orientation is seen with the exception of 90◦ and 120◦,
which collect significantly less current.

negligible, and the electron saturation current is collected.
In the mesothermal S/C velocity regime, the thermal velocity
of the electrons is such that we can assume the current to
be isotropic to both the spacecraft and the Langmuir probe.
Any effects from S/C rotation can be neglected. This is seen
in Fig. 8, where the electron saturation currents are plotted
for angles of rotation between 0◦ and 180◦. The currents
show not much variation as expected but we can see that
the 90◦ and 120◦ orientations correspond to significantly
lower collected current than the other angles. Using a similar
procedure as for the ion saturation current, we can quantify
these effects by fitting the data points to a theoretical model.
The electron saturation current as a function of probe potential
� can be approximated by [17]

Ie ≈ eNe A

√
kB Te

2πme

(
1 + e�

kB Te

)d

(7)

where Ne is the electron density, me is the electron mass,
kB Te is the electron temperature, A = 2π Rpl is the LP
collecting surface area now taken to be equal to the total
cylinder surface (without ends), and the exponent d equals to
1/2 or 1 for cylindrical or spherical collection, respectively.
This expression was fitted to the simulated data points using
the electron density Ne and exponent d as fit parameters
with the electron temperature assumed to be known and fixed
at 0.2 eV. The results of the least-squares fitting procedure
are listed in Table V. The obtained densities underestimate
imposed plasma density by at least 20%. In the extracted data,
there also appears to be a modulation as a function of angle
with respect to the S/C velocity vector: the lowest obtained
densities correspond to the LP located in the wake.

A possible explanation for this could be that the electron
density in the wake is depleted since the ambipolar diffusion
will occur at a slower rate due to the lower ion density [18].
Density maps of the electron population extracted from SPIS
confirmed that the density of electrons can drop to 30% in
the most depleted wake region. The fitting procedure allows
to obtain exponent values very close to 1, showing a clear

TABLE V

ELECTRON SATURATION CURRENT FIT PARAMETERS

tendency toward a spherical probe collection law rather than
a cylindrical law. In addition, the effects of having a probe of
finite length and connection to a larger body can explain the
inconsistencies in the obtained values. This is further discussed
in Section V.

C. Charging in Auroral Environment

As already stated in Section II, the high inclination of
PICASSO’s orbit will make it pass the auroral regions where
the spacecraft will encounter much different plasma parame-
ters than the ones used up to now for analyzing the S/C charg-
ing of PICASSO and the performance of the SLP instrument.
As reported from observations made by the DMSP space-
craft [7], the surface potential can drop down to several kilo-
volts negative. The necessary conditions for charging appear
to be a thermal plasma density less than 1010 m−3, a high
integral precipitating electron number flux (>108 cm2 s−1 sr−1)
for energies greater than 14 keV, and most of the charging
events happened in eclipse. Charging of large objects (such
as DMSP) in LEO polar orbits has been studied extensively,
and analytical models were developed (see [19]), but the
charging risks on cubesat platforms remain fairly unknown.
To study this, an auroral environment was implemented based
on the European Cooperation for Space Standardization worst
case charging distribution [20], which is derived from DMSP
observations. A Maxwellian fit to the distribution was made,
resulting in an electron population of temperature 11 keV and
density equal to 1 × 107 m−3. This population is not the most
adequate to describe an auroral environment but was chosen
for computational reasons. The low ambient plasma density
requirement for high-voltage charging is not strictly defined
since the detectors on DMSP were unable to sample plasma
densities below 1010 m−3, hence the background density
associated with precipitating high-energy electron fluxes is
unknown. The auroral environment is described in Table VI,
the background plasma density was chosen to be 108, 109,
and 1010 m−3, respectively, for both electrons and ions. The
temperature was kept at 0.2 eV and the S/C velocity was fixed
at 7500 m/s as defined in Table II, and all simulations were
performed in eclipse. For simulation stability, the LP was not
included in the geometry here.

The results are shown in Fig. 9 for a total simulation time
of 20 s. The hierarchy of surface potentials is the same as for
the baseline LEO simulation case, as shown in Fig. 3: the cover
glass surface charging the most positive and the epoxy the
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TABLE VI

AURORA SIMULATION ENVIRONMENT PARAMETERS

Fig. 9. Potentials of PICASSO surface materials as a function of time
in an auroral environment with background density (a) 108, (b) 109, and
(c) 1010 m−3. Significant differential charging develops for all cases, and
absolute charging levels increase for decreasing background densities.

most negative due to its location on the S/C wake side with the
gold acting as the S/C ground in between. For a background
density of 108 m−3, the cover glass and the gold surfaces reach
several hundreds of volt negative, while the epoxy surface
charges down to −2500 V within the simulation time span.
Increasing the background density to 109 m−3 shows that the
surface potentials decrease markedly as expected since the
surface can attract more positive current from the ambient

plasma. The surface potentials do not reach an equilibrium
value within 20 s, and from the trend of the curves, it is
possible that this will not happen in a time span of minutes.
In both 108 m−3 and 109 m−3 background density cases,
the ion density and current collecting surface on the satellite
is so small, and the conducting spacecraft surface (acting as
electrical ground) keeps charging negatively in absolute levels.
A large portion of the S/C surface is covered in a dielectric
material having a large capacitance with respect to the ground.
The absolute S/C capacitance (with respect to the plasma at
infinity) is composed of the relative capacitances between the
dielectric surfaces and the S/C ground proportionally to their
respective areas. Treating the surface as a collection of coupled
electrical nodes in contact with the plasma, the charging time
associated with this coupled capacitance can also be very
long [21]. The environment in these cases bears resemblance
to a geosynchronous satellite in geomagnetic storm condi-
tions, where enduring periods of frame charging have been
observed [22]. It is, however, unlikely that PICASSO will
encounter this particular worst case environment for such a
long time. As identified on the DMSP spacecraft, the charging
events can be associated with the so-called inverted-V regions
in visible auroral arcs [7]. Most of the events were of the
order of seconds; the average was 8 s. However, under the
right circumstances orbital and magnetic field configuration,
the spacecraft can experience an auroral arc pass of 2 m.
This constitutes about the longest that an LEO satellite can
be expected to charge during an auroral crossing [6]. When
imposing a background plasma density of 1010 m−3, we can
see that the charging of cover glass and gold material surface
potentials remains limited, reaching down to roughly −5 V
and the charging is fast. The charging of the epoxy surface
material shows a peculiar time evolution due to the complex
wake morphology forming behind the PICASSO simulation
model. As can be seen from ion density maps, an ion focusing
region develops on the wake side of the S/C model from which
a positive current can flow to the epoxy surfaces, which varies
as a function of the epoxy surface potential. We can see that
the potential will likely equilibrate around −200 V, and the
time evolution was cut off due to a simulation instability.

As mentioned before, the LP was not included for the
simulations in the auroral environment. We can, however, infer
that due to the significant surface charging, the LP will not
be able to reach the bias voltages needed for sampling the
different I–V characteristic regions properly.

V. DISCUSSION

Simulating spacecraft-plasma interactions in LEO is a diffi-
cult task due to the heavy numerical load and long computation
times needed. SPIS, the software tool used for this paper,
can simulate this type of interaction by relying on 3-D PIC
methods. The time integration process of simulation requires
the careful setting of the different numerical time steps before
initializing the kernel. To optimize the integration scheme,
the numerical time steps can be chosen to differ from the
physical time steps as was done in this paper. This can greatly
decrease the needed simulation time but care must be taken
that the simulation results remain physical. An optimized
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parameter set was found for the baseline plasma environment
specified in Table II but required a number of modifications
on the PICASSO geometry, such as increasing the thickness
of the solar panels to ensure stable simulations.

To reduce the computation time, the simulated LP sweeps
consisted of maximum 20 bias voltage steps between
PICASSO’s limit operating voltages (−5 and 13 V) or ded-
icated ranges to sample the ion saturation current or the
electron retardation region. The biasing of the Langmuir probe
causes a drift of the spacecraft ground potential, which is
not necessarily a physical effect. In this paper, we chose to
set the equilibration time between the voltage steps to 0.4 s,
much longer than the fixed sampling frequency of 10 kHz
intended for SLP [3]. For this frequency, the potentials may
not have time to equilibrate, and the drift of the spacecraft
ground can be less severe. The effect of spacecraft ground
potential drift due to the biasing can only be properly assessed
when a representative electrical circuit is implied. A dedicated
simulation also incorporating a more realistic spacecraft circuit
(including biased solar arrays) is needed to fully understand
the effects of sweeping the probe in the desired voltage ranges.
As discussed in [12], large current drops have been observed
when the spacecraft is in sunlight with solar arrays switched
ON. If the outcome of the simulations shows that the probes
cannot be biased to sample the electron saturation current,
the solar arrays can be grounded by the positive end to only
expose negative potentials to the spacecraft or coated to keep
them from drawing a negative current from the plasma.

Extracting the plasma parameters by fitting theoretical probe
models needed to be done by using a limited amount of
data points subject to fluctuations in the simulated plasma.
Therefore, the effects on the I–V characteristic caused by
the PICASSO spacecraft itself are obscured. Despite this,
the imposed ion densities are retrieved from the fits with
reasonable accuracy for most obtained I–V sweep curves,
generally underestimating by 10% using a spherical current
collection law on a cylindrical surface. The electron densities
are consistently underestimated by at least 20% using this
fitting procedure. There is a room for improvement here
by more thoroughly analyzing the effect of the finite-length
cylindrical probe and the spacecraft itself as an obstacle.
As described in [16], the estimated electron density can differ
considerably due to finite length and end effects. The value of
the exponent in the collection law [as defined in (5) and (7)]
for the ion saturation current deviates from 1/2 but the electron
saturation current fits better using an exponent close to 1,
resembling a more spherical probe collection profile. A similar
observation for simulated cylindrical Langmuir probes was
made in [23] with fitted exponents between 0.7 and 0.8,
and thereby, also noting deviations from using an OML
type of current collection law is prone to inaccuracies as
a consequence of the size and geometry of the probe with
respect to the Debye length. In this sense, a parameterization
of the OML current to the probe is desirable to ensure the
correct interpretation of the data from the SLP instrument on
PICASSO by using a semiempirical law, as was demonstrated
in [24]. For this, the system can be benchmarked in a plasma
chamber, and in a similar way, the effect of the S/C rotation

on the current collection can be investigated and verified on
the ground. Knowing the S/C and LP orientation with respect
to the stationary plasma is necessary to obtain intelligible data
as reported in [25], which describes a cubesat mission carrying
a double LP, similar to the PICASSO’s SLP instrument.
In addition, a magnetic field can be included to study its effect
as was done in [26].

As already stated previously, the plasma seen by the
Langmuir probe can be considered weakly magnetized (for
electrons) and unmagnetized (for ions). However, the mag-
netic field is expected to have an effect on the collected
current for electrons because when there is no magnetic field,
the electrons come from all directions, whereas when there is
a magnetic field, the electrons are confined to a magnetic flux
tube of radius equivalent to the electron thermal gyroradius.
Therefore, the collected electron current is expected to be
lower when imposing a magnetic field. As reported in [27],
the orientation of the magnetic field is expected to have a very
limited effect for small probes.

A number of modifications to the implementation of the
auroral environment are possible to yield more realistic results.
In this paper, the high-energy auroral electrons were modeled
as an isotropic Maxwellian distribution fitted to a worst case
charging electron spectrum. In contrast, electron distributions
associated with high-level charging events are highly non-
isotropic and directed along the magnetic field lines [4]. These
features were not feasible to simulate in SPIS, and their effects
could, therefore, not be studied.

VI. CONCLUSION

The surface charging of PICASSO and the operation of
the SLP were analyzed using the spacecraft-plasma interaction
tool, SPIS. In the expected plasma environment, the surface
materials charge to several volts negative. Theoretical probe
collection laws were used to extract the implemented plasma
environment parameters by fitting the simulated data points for
several spacecraft orientations. For the extraction of plasma
parameters from the on-board data, the S/C attitude could be
monitored to take into account its effect on the I–V sweep
curve. The plasma density and the temperature were extracted
with reasonable accuracy, as well as the plasma and spacecraft
potential. The spacecraft surface materials are shown to exhibit
substantial absolute and differential charging in a worst case
auroral environment reaching several hundreds or even thou-
sands of volts negative, in accordance with observations from
polar orbit spacecraft.
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