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Abstract— NorSat-1 was launched on 14 July 2017 as a
satellite carrying, among other instruments, the multi-Needle
Langmuir Probe (m-NLP), an instrument which, on NorSat-
1, is capable of measuring the ionospheric plasma electron
density with the high sampling frequency of 1000 Hz. The
m-NLP instrument operates by analyzing the current-voltage
diagram resulting from the measurements from each individual
probe. In principle, the m-NLP operation methodology should
be insensitive to spacecraft charging. However, this is not always
the case. In this paper, we present an overview of the instrument
response to passes into and out of eclipse. When the satellite
exits eclipse, we observe a collapse in the collected probe
currents. This acute drop is unaccounted for by the theoretical
operation of the instrument. We present a statistical analysis
of the phenomenon based on several months of NorSat-1 data,
and we suggest a plausible reason for the observed drop in
the current, namely spacecraft charging by solar cell arrays
upon eclipse exit. We briefly discuss how satellite orientation
and plasma wake affect the current drop. With this paper, we
address Langmuir probe current susceptibility to spacecraft
potential.

I. INTRODUCTION

The NorSat-1 satellite, a multi-payload micro-satellite
weighing 15.6 kg, was developed by Space Flight Laboratory
(UTIAS-SFL) in Canada. Norway’s first scientific satellite, it
was launched with several objectives in mind. Firstly, the
satellite is part of the government of Norway’s effort to track
ship traffic from space, using the Automatic Identification
System (AIS), an objective shared by its twin satellite NorSat-
2, launched at the same time. The AIS system was built by
Kongsberg Seatex in Norway. In addition to the AIS receiver
used to monitoring maritime traffic, NorSat-1 carries two
scientific instruments. The Compact Lightweight Absolute
Radiometer (CLARA) measures total solar irradience in an
effort to monitor solar activity [1]. CLARA was built by
Physikalisch Meteorologisches Observatorium Davos / World
Radiation Center in Switzerland. To make high-resolution
measurements of the upper ionospheric plasma density,
NorSat-1 was equipped with the multi-Needle Langmuir
Probe system (m-NLP), designed by the Department of
Physics at the University of Oslo, Norway [2], [3].

In Fig. 1, we present a schematic overview of NorSat-
1. Being a relatively small satellite, NorSat-1 measures
approximately 23 cm × 39 cm × 44 cm, with a primarily
aluminum structure. The main solar cell array and the CLARA
instrument are mounted on one side of the body, while the
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AIS is mounted on the opposite side. Smaller solar cell panels
are placed on all sides of the satellite body. The m-NLP
system protrudes from the body on booms mounted on the
corner of the same side as the AIS, shown in the far +z-
direction in Fig. 1. The satellite body is designed to expose
maximal conducting metal surface to the environment to
provide grounding to the electrical components. NorSat-1
has a total of approximately 3800 cm2 of conducting outer
surface. The satellite’s attitude control system is mission-
configurable, but usually operates to keep the solar cell arrays
and CLARA pointed towards the Sun.

The Langmuir probes are placed on four booms of length
370 mm. The probes are designed to be small enough to
fit within the probe Debye shielding region in typical low
Earth orbit plasma conditions. They have a diameter of 0.5
mm and are 25 mm long. In addition, each probe comes with
a conductive bootstrapped section with a diameter of 2 mm
and a length of 15 mm. Probes and bootstraps are carbon-
coated, and both are held at the same bias. At the bottom
of the bootstrap section, a small plastic base separates the
probe and bootstrap from the conducting aluminum boom,
which is coated with Alodine 1200 to improve conductivity.
The length of the booms are constrained by the spacecraft
frame size, as they deploy from the spacecraft. The booms,
being deployed from the satellite after launch, were designed
to protrude as far away from the satellite body as possi-
ble. However, depending on the satellite orientation, several

Fig. 1. Schematic drawing of the NorSat-1 satellite. X, Y and Z directions
represent the spacecraft coordinate system. The m-NLP probes are mounted
on booms that deployed after launch, while the solar cell arrays were pre-
deployed. Figure from SFL.



probes might be situated inside the plasma wake.
NorSat-1 orbits Earth in a retrograde polar orbit with

an inclination of 97.6 degrees, at approximately 600 km
altitude, and in a virtually circular orbit with an eccentricity
of 0.0014. Furthermore, the satellite is in a stable quasi-
heliosynchronous orbit. As such, the orbit with respect to
the position of the Sun does not change significantly with
time, as is seen from the orbit trace displayed in Fig. 3.
NorSat-1 orbits from the dayside in the northern hemisphere
through the equatorial nightside to the southern hemisphere,
and enters the dayside again in the southern polar/sub-polar
region.

m-NLP operation

The multi-Needle Langmuir Probe was developed at the
University of Oslo [2], [3]. It was used on board the ICI-2
sounding rocket [4]–[6], and has since been used on several
sounding rockets (see e.g. [7], [8]). The m-NLP system is
also on-board 11 satellites of the European QB50 cubesat
constellation [9].

Langmuir probes are commonly used to measure plasma
characteristics such as electron density ne and temperature Te,
in addition to ion temperature Ti. A probe, when immersed in
a plasma, collect current according to its electric charge, or
bias. The collected current is described by orbital-motion-
limited (OML) theory [10], which models charge carrier
trajectories around spherical or cylindrical probes with radii
much smaller than the plasma Debye length.

Langmuir probe operation normally consists of sweeping
the probe through a range of voltages from negative to
positive. Sweeping produces a curve such as the one shown
in Fig. 2, from which the mentioned plasma parameters can
be determined [11], [12]. However, a sweep typically takes
around 1 s to perform [13]. The m-NLP system on board
NorSat-1 is capable of measuring electron density with a
temporal frequency of 1000 Hz, or 1000 measurements per
second. Such a high sampling frequency is accomplished by
having four individual Langmuir probes biased at different
voltages, from which the Langmuir I-V curve is estimated,
given that the four probes collect current in the electron
saturation regime (see Fig. 2). This method bypasses the
comparatively long time required to perform a single sweep.

Within the conditions required by OML theory, the electron
saturation current of a single probe is given by, [14], [15]
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where Ne is the electron density, A the probe area, e the ele-
mentary charge, kB the Boltzmann constant, Te the electron
temperature, and me is the electron mass. V is the probe bias
potential (Vb) with respect to the plasma potential (Vp). That
is, V =Vb−Vp. The exponent β has the value 0.5 for ideal
cylindrical Langmuir probes (see discussion below).

In order for Eq. (1) to be valid, the plasma needs to be
non-drifting, collisionless, and non-magnetized. In the F-
region ionosphere, the thermal speed of electrons is larger
than the spacecraft speed, the mean free path of electrons is

Fig. 2. Langmuir I-V curve for cylindrical probes. The four m-NLP system
probes are marked on the curve in the electron saturation regime.

sufficiently long, and the Larmor radius is much larger than
the probe radius. Thus, the mentioned conditions are fulfilled
[2], [15]. The configurable probe bias, Vb, is relative to the
electrical ground, which is the spacecraft chassis. The m-
NLP method of determining electron density then requires
the difference in the square of collected currents ∆I2

c , and
the difference in the probe biases ∆Vb:
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where β from Eq. (1) is assumed to be 0.5, and where,
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is a constant factor based on the electron charge and mass.
There are in fact several reported problems arising in the

application of OML theory to cylindrical Langmuir probe
plasma measurements, and as such in using Eq. (2) to
estimate plasma density. As mentioned, in OML theory,
Langmuir probe charge collection is treated by considering
the orbital motion of charge carriers around the probe,
within the probe’s electrostatic sheath. However, the effective
absorption surface area as seen by a charge carrier varies,
causing the charge carrier absorption rate to deviate from
the theoretical prediction [16]. Further, the requirement that
the plasma surrounding the probe be collisionless is likewise
broken in many practical situations, leading to inapplicability
of OML theory [16]. Measuring hot filament-generated labo-
ratory plasma with a cylindrical Langmuir probe, [17] found
that, in the electron saturation regime, the β -exponent in
Eq. (1) can take on values up to 0.75, deviating from the theo-
rized value of 0.5 for cylindrical probes. The authors suggest
that when the local plasma Debye length is sufficiently
long, the probe radius becomes substantial, and the probe
electrostatic sheath starts to resemble that of a spherical
probe. Likewise using a hot filament generated plasma, [18]
found that the β -exponent can, when the local plasma Debye
length is sufficiently long, vary approximately between 0.4



Fig. 3. The trace made by NorSat-1’s orbit as seen in a local solar time
frame. The clock positions indicates local solar time, 12 corresponding to
local noon, and 00 corresponding local midnight. The latitudinal degrees
correspond to geographic latitude. The orbit trace data used consists of
three months of operation.

and 0.9. The authors suggest that a cylindrical probe should
be theoretically modelled as a half-hemisphere attached to
a cylinder, in order to correctly predict current collection.
Theoretically, the electron density prediction (Eq. 2) from
m-NLP probe operation is sensitive to β -deviations, with a
20 % increase in the value of β causing a 45 % deviation
in estimated density [19].

Evidence from in-situ measurements on the accuracy of
m-NLP probe density estimation (Eq. 2) exists. Analyzing
data from the m-NLP system mounted on sounding rockets,
[14] found that the estimate is within 30 % of absolute
measurements performed with a Faraday rotation experiment.
Lastly, methods to correct for the inaccuracies of OML-theory
to cylindrical Langmuir probe operation have been suggested
[17]–[19]. Since the results reported in the present study do
not directly depend on the accuracy of the m-NLP density
prediction, we shall not further discuss issues related to m-
NLP probe operation.

Solar cell arrays

The power source for NorSat-1 is provided by 8-cell 28%
maximum efficiency solar cell arrays. The power system,
which includes the main solar cell array, several body-
attached solar cell panels, and a 6-cell battery pack capable of
providing 9.6 Ah, is grounded in the spacecraft body. When
switched on, the solar cell circuit has a peak power voltage
varying from approximately 23 V at -50◦C to approximately
16 V at +85◦C. The cell units are organized in a grid with
small gaps between each individual unit.

Spacecraft charging

Since the space age started, spacecraft charging has been
a recognized issue and source for potential hazard in space
[20], [21]. A spacecraft must reach electrical equilibrium
with its plasma environment. By acquiring surface charges,
the net electrical current between plasma and spacecraft
becomes zero [21]. A spacecraft potential is then established

with respect to the plasma environment. Several charging
mechanisms exist, such as electron photo-emission by inci-
dent sunlight, changes in the surrounding electron density
and the response of spacecraft conductive surfaces, and inci-
dent high-energy particle precipitation [21], [22]. Charging
by solar cell arrays poses many challenges to spacecraft oper-
ation, both in the form of permanently damaging discharges
called arcs [23], [24], and in the form of solar cell charge
collection affecting the spacecraft potential [25], [26].

The rest of this article will be organized as follows.
In Section II we will introduce the problem at hand. In
Section III we will go through the data collected, and the
statistical analysis performed on it. In Section IV we will
present a plausible explanation for the probe current collapse,
and discuss its implications. We provide concluding remarks
in Section V.

II. ACUTE CURRENT COLLAPSE

Soon after the NorSat-1 launch, data showed that when
the satellite exits eclipse, the current collected by the probes
collapses. This current collapse is best illustrated by Fig. 4,
which shows detailed NorSat-1 data from around 00:30 UT
on 3 November 2017, when the probe biases were 6 V, 8 V,
9 V and 10 V for probe 1, 2, 3 and 4 respectively. The three
probe currents collapsed at 00:31:13 UT, after which the
currents immediately rebounded and then collapsed again.
In this case, the currents on probe 1, 2 and 3 stay zero
or close to zero until approximately 00:37, when probe 3
and 4 start to recover, while probes 1 and 2 stay zero or
close to zero. During the short rebound just after 00:31:13,
the probe currents maintain approximately the same distance
on the y-axis. In the left panel of Fig.4, we see the output
voltage across the solar cell arrays as NorSat-1 exits eclipse.
As the satellite exits from and enters into eclipse, the solar
cell array turn on and off respectively. The solar cell array
voltage will start out after eclipse exit at around 23 V, and
decrease to between 16 V and 18 V as the satellite moves
through the dayside, and the panels heat up. The material
temperature then increases as the solar cell operation goes
from peak power voltage to open-circuit voltage (as the
battery charge approaches maximum). In Fig. 4 (left), the off-
voltage is taken to be zero, assuming the individual circuits
are grounded.

III. RESULTS

The events described in Fig. 4 are not unique. This current
collapse happens on most eclipse exits. Furthermore, because
of NorSat-1’s stable orbit, all eclipse exit data is gathered
from a fairly uniform part of the ionosphere, as seen in
Fig. 3. This spatial uniformity provides ideal conditions for
superposing the measured timeseries. Superposing a set of
timeseries entails normalizing them to a fixed length, and
then taking the mean of all the superposed timeseries. In
Fig. 5, we show a superposition of 795 eclipse exit and
1050 eclipse entry events, in a long-term and expanded view
perspective respectively. The shaded area behind the graphs
indicates that the data was measured inside Earth’s shadow.



Fig. 4. The solar cell array output voltage (left panel), during a 30 minute interval of the date interpolated to a low-resolution grid (middle panel) and
a full-resolution interval (right panel) showing the current collapse upon exiting eclipse on 3 November 2017. The probe biases were 6 V, 8 V, 9 V and
10 V for probe 1, 2, 3 and 4, respectively. In the solar cell array voltage plot, a zero-voltage is assumed when the arrays are switched off; this rests on
whether the individual solar cell circuits are grounded or not - if the circuits are not grounded the potential will float.

The point of eclipse was for each event found by adjusting
the solar zenith angle for the satellite altitude. Upon eclipse
exit, light that hit the solar cells have travelled extensively
through Earth’s dense atmosphere. This means the light can
have undergone refraction and UV-attenuation. We adjusted
for the introduced uncertainty by simply aligning each indi-
vidual timeseries by the first sharp current drop. The average
adjusted solar zenith angle at which the current collapsed was
90.5 degrees. In both figures, the top panels show the probe
currents, which were biased at 6 V, 8 V, 9 V and 10 V for
probe 1, 2, 3 and 4 respectively. In the bottom panels we
see the calculated electron density, with black lines for the
density based on all four probes, and red lines for the density
as calculated for probes 2, 3 and 4. The data is taken from
NorSat-1’s operation from 4 January to 8 May 2018. The
data is then gathered in the southern hemisphere summer and
autumn, or, consequently, the northern hemisphere winter
and spring. On the upper x-axes of Fig. 5, we display the
median magnetic latitude from which the data points were
sampled. Here, we note that the large-scale peaks in the
density observed on both sides of the solar terminator is
caused by the equatorial ring current.

The general drop we observe in the measured density as
the satellite crosses the eclipse boundary is physical, which
we have confirmed by examining data from the International
Reference Ionosphere (IRI)[27], [28]. During the eclipse exit
events, the two density measures, one made using 4 probes
and one made using the three highest biased probes, initially
stay almost identical, and differ significantly after the eclipse
exit. The lowest biased probe current (probe 1) stays zero
or near-zero after the exit. For the eclipse entry events, no
sudden increase in the measured density is seen, though a
somewhat dramatic rise in currents is observed roughly 4
minutes after eclipse entry.

In panels e, f, g, and h of Fig. 5, we can see the detailed
behavior of the current collapse. The probe currents in the

eclipse exit events echo Fig. 4 closely, even though the
eclipse exit data in Fig. 5 is the result of 795 events in su-
perposition. The currents collapse initially, then immediately
rebound, and then drop again. By 15 seconds, the second
drop has occurred. As can be seen in the right panels of
Figs. 5, in the case of eclipse entries, no sudden change is
observed. There, the measured density stays fairly flat, with
the red and black lines agreeing.

Satellite orientation is important to the operation of
NorSat-1. The main solar cell array will not operate at
peak power voltage when it is oriented away from the Sun.
In addition, depending on the orientation, probes may be
situated in the plasma wake caused by the moving satellite.
Defining a Sun-alignment angle α as the angle between a
vector normal to the main solar cell array and a vector
connecting the spacecraft to the Sun, we can separate NorSat-
1’s eclipse exits into roughly two categories, schematically
drawn in Fig. 6. In the majority of the exits, NorSat-1 orbits
with the AIS instruments slightly tilted towards Earth (top). In
13 % of the exits, the AIS instruments points straight towards
Earth’s surface while the main solar array is almost normal
to the Sun-spacecraft vector (Fig. 6, bottom). Fig. 7 (top)
shows the currents across all probes when NorSat-1 exits
eclipse during these two configurations, where the angle α

takes on values of 40◦ < α < 90◦ (left) and α < 40◦

(right). In the 140 non-aligned exits, the probe currents do
not drop substantially upon eclipse exit. In 882 exits NorSat-
1 maintained an α angle less than 40◦.

IV. DISCUSSION

The observed current drop can be ascribed to a drop in the
spacecraft potential. Since the probe biases are set relative to
the spacecraft potential, a change in the spacecraft potential
would also change each probe’s bias against the plasma
potential. A drop in the spacecraft potential would then cause
all four probe current values to slide down the I-V curve in



Fig. 5. The median of 795 exits and 1050 entries into eclipse in superposition. The four top panels show a long-term view of the terminator crossings,
while the four bottom panels show a short-term view. The left panels (a, c, e, and g) show eclipse exits, and the right panels show entries (b, d, f, and h).
In panels a b, e, and f, the four probe currents are displayed, while panels c, d, g, and h show the calculated density using Eq. 2, using probes 2, 3 and 4
(red), and all probes (black). On the top x-axis, median magnetic latitude for the sampled data is shown.



Fig. 2, and out of the electron saturation region.
Charging effects that are either continuous across Earth

shadow eclipse or varying with respect to plasma conditions
can be discounted, since a form of current drop is reliably
occurring on every NorSat-1 eclipse exit. Photoemission is
caused by incident sunlight on the spacecraft conductive
surfaces, and is thus “switched on” upon eclipse exit. How-
ever, photoemission would cause an electron current away
from the spacecraft, which would lead to a higher spacecraft
potential, and no observable drop in the probe currents.

A possible explanation for the acute current drop upon
eclipse exit displayed in Fig. 5 is spacecraft charging by
solar cell array electron collection. The solar cell array of
NorSat-1 contain small gaps between the individual solar cell
units, and under sunlit conditions the cells are very positively
biased with respect to the ambient plasma potential (see
Fig. 8). A large current of electrons is then collected, thus
lowering the spacecraft potential. Since the m-NLP probes are
biased with respect to the spacecraft potential, the Langmuir
probe current values then slide down the I-V curve of Fig. 2,
and out of the electron saturation region. During eclipse, the
cell units are in effect turned off, resulting in no current being
collected.

A similar effect has been observed on the International
Space Station (ISS) for many years. Coined “Rapid Charging
Events”, the solar cell charging induced drop in ISS space-
craft potential is described in [29], but is also extensively
covered in [26], [30]–[34]. Examining ISS data, [31] analyze
the measured spacecraft potential and propose that the high
electron current to the solar cells causes rapid negative charg-
ing of the ISS. Statistically, [29] determined that these Rapid
Charging Events only occurred in relatively low ambient
plasma densites of ∝ 1010 m−3, a value that matches the polar
and sub-polar ionospheric plasma density at the altitude of
NorSat-1.

Plasma wake and orientation

Initially, in the 140 high-α exits shown in Fig. 7, the
solar irradiance at the main solar array will be negligible,
and so only the body-attached solar panels will operate at
peak power voltage while NorSat-1 exits eclipse. This in
turn keeps the probe currents from collapsing. However, as
is seen in Fig. 9 (bottom) for the high-α exits, NorSat-1
gradually orients the main solar array against the Sun. By 4
minutes, the current through probe 1 has dropped to zero.

A separate but related matter is the case of highly ex-
panded plasma sheaths [35], [36]. The plasma sheath around
the solar cell arrays will upon eclipse exit expand due to the
potential difference between the solar cells and the surround-
ing plasma. Since NorSat-1 is mainly orbiting with the m-
NLP system trailing the satellite in the southern hemisphere,
one or more probes might be inside the electron-depleted
plasma wake left by the solar cell arrays. Conversely, when
NorSat-1 enters eclipse in the northern hemisphere, it usually
orbits with the m-NLP system in the ram direction.

To further understand the effect of the expanded plasma
wake, consider Fig. 7. For the 140 eclipse exits with

Fig. 6. Schematic drawing showing NorSat-1 orbiting in the southern
hemisphere with α = 15◦ (top), and α = 75◦ (bottom), α being the angle
between a vector normal to the main solar cell array and a vector connecting
the spacecraft to the Sun. The vector labeled “Earth vector” points towards
the center of Earth.

Fig. 7. Median of 140 eclipse exits where NorSat-1 orients the main solar
arrays at a large angle against the direction of the Sun (left) and 882 eclipse
exits where the NorSat-1 main solar arrays roughly tracks the Sun (right).
NorSat-1 was in otherwise normal operation during these exits. The bottom
panels show the angle α as defined in the top schematic drawing. See Fig. 5
for a detailed plot explanation of the current and density data.



Fig. 8. A schematic figure of the solar cell units on NorSat-1, showing
electron collection through the cell unit gaps.

Fig. 9. A zoomed-out view of the 140 timeseries in which 40◦ < α < 90◦
upon eclipse exit (displayed in Fig. 7).

40◦ < α < 90◦, two probes are situated inside the plasma
wake, while two probes are kept outside. We can observe
this both in the geometric schematic and the non-aligned
probe current plot. In the latter, the current through probe 2 is
consistently higher than the current through probe 3, despite
probe 2 being biased at 7 V and probe 3 being biased at 8
V. This is clear evidence that the electron depleted plasma
wake is affecting the probe current collection. In Fig. 9 we
can observe that as NorSat-1 changes its orientation from
non-alignment to Sun-tracking, the current through probe 3
gradually overtakes the current through probe 2, indicating
that all probes are situated within the satellite plasma wake.

Current rebound

At face value, the proposed solution does not offer an
explanation into why the current rebounds and then re-
collapses after the initial collapse. This rebound effect might
be explained by the proportion of solar cell circuits that are

shut off, which is automatically handled by the on-board
control systems. This computer-handled solar cell circuitry
control has been found to influence the measured ISS solar
cell charging at eclipse exit [33], [34], [37]. The timescale
of the rebound effect observed in Fig. 5 might then be
associated with a characteristic timescale of the onboard
circuitry.

Charging stabilization

Electron attraction by solar cell array naturally persists
throughout NorSat-1’s dayside orbit. When the satellite exits
eclipse, the solar cell array voltage quickly reaches a peak
of about 23 V. During the orbit through Earth’s dayside,
the potential of the solar cell arrays gradually decreases to
about 16 V, resulting in the number of electrons collected
drastically decreasing as NorSat-1 orbits through Earth’s
dayside. Additionally, as mentioned, the on-board control
systems will automatically shut off individual solar cell cir-
cuits throughout the satellite’s sunlit orbit. This will decrease
the number of solar cell units capable of attracting electrons.

V. CONCLUSION

As NorSat-1 exits the shadow of Earth into sunlight in the
southern hemisphere, the electron currents collected by the
Langmuir probes of the m-NLP system collapse. The current
collapse happens with a strong predictability on most orbits.
This probe current drop causes a temporary disturbance in
the measured electron density values.

Solar arrays can cause highly negative charging on the
spacecraft platform under the sunlit condition, upon space-
craft eclipse exit [29]. On NorSat-1, negative electrodes of
the on board solar arrays are connected to the spacecraft
platform. Since there are small gaps between the solar cells,
under sunlit conditions the cells are biased positively with
respect to the ambient plasma potential thus collecting signif-
icant amounts of electrons. As a consequence, the NorSat-
1 spacecraft potential could be highly negatively charged,
causing the m-NLP probe currents to enter the electron
retardation regime. The current collapse is highly dependent
on satellite orientation.

From a practical point of view, we recommend correcting
the NorSat-1 data. Such a correction can be achieved by
attaching a quality flag to the data product, or by taking into
account the changes in I-V curve characteristics caused by a
probe leaving the electron saturation region when calculating
the m-NLP density estimate.

In the future, safe-guarding against the m-NLP probe
current collapse is desirable. Such mitigation can be done
by implementing ways to measure or control the spacecraft
potential, for example by implementing a controlled electron
emission mechanism. Other mitigation techniques include
grouting, or filling in the solar cell unit gaps with a dielectric
material [38], and connecting spacecraft electrical ground to
the solar cell circuitry’s positive end.
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