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Interdependencies Between the Actively Controlled
CLUSTER Spacecraft Potential, Ambient Plasma,
and Electric Field Measurements
Klaus Torkar and Rumi Nakamura

Abstract— The payload of the four Cluster spacecraft
dedicated to multi-point measurements in the Earth's
magnetosphere includes ion emitters which can emit currents up
to a few tens of microamperes in order to partially compensate
the photo-emission current originating at the spacecraft surfaces
and thereby achieve a reduction of the spacecraft potential from
values often as high as several tens of volts positive to values well
below 10 V. This effect is highly desirable to improve on-board
particle measurements, especially of electrons, by reducing the
photo-electron flux into the sensors and by reducing the
distortions of particle trajectories in the spacecraft sheath. On
the other hand, a perfectly stable spacecraft potential precludes
the utilization of the spacecraft as a plasma probe, including the
useful technique to estimate ambient plasma density from the
spacecraft potential. The present study shows that the small
residual variations of the potential still allow to determine
ambient plasma density, albeit at reduced accuracy. We present
an outline of the applied method with examples. In spring 2002 in
the cusp region and in fall 2003 in the magnetotail the Cluster
inter-spacecraft distances were well below 1000 km. For selected
intervals the potential of controlled and uncontrolled spacecraft
is compared, taking advantage from the fact that the ion emitters
were not operating on all spacecraft. Special considerations
regarding secondary electron production and its effect on the
controlled spacecraft potential were found necessary, and
examples of this aspect are presented as well. Finally, the effect of
the potential control on the double-probe electric field
measurements is assessed. It is found that the normal sun-aligned
offset of the electric field caused by the asymmetric spatial
distribution of photo-electrons around the spacecraft can be
affected by the potential control, which increases the size of the
photo-sheath. Nonetheless it can be shown that the information
about plasma density is not lost when active spacecraft potential
control is applied, and the approach to recover this data is
presented. This is also relevant for future missions with active
spacecraft potential control, particularly the NASA
Magnetospheric Multiscale mission due to be launched in March
2015. Regular intercalibration of controlled and uncontrolled
potentials is nonetheless advisable in order to increase the
reliability of the method.

I.

INTRODUCTION

The active control of the electric potential of spacecraft
with a payload dedicated to space plasma science is an
acknowledged method to improve a number of measurements
on board. Plasma electron measurements benefit in particular
from low spacecraft potentials as these cause only small
changes of particle trajectories and velocities. Spacecraft in
sunlight typically charge positively as photo-electrons released
from the surface and leave surplus positive charge in the
spacecraft body. In space environments with tenuous plasma
density the positive spacecraft potential may reach an
equilibrium at several tens of Volts, where the current of both
the re-attracted, low-energy photo-electrons and ambient
plasma electrons compensates the current of outflowing, higher
energy photo-electrons. The list of currents contributing to the
spacecraft potential is incomplete without mentioning
secondary electrons ejected from the surface by incoming highenergy electrons. For most spacecraft surface materials the
secondary electron yield function becomes greater than one if
the energy of the primary electrons falls into some band, which
means that the plasma electron flux becomes less efficient in
lowering the spacecraft potential. It may even reverse its effect
and contribute to an increase of an already existing positive
spacecraft potential.
The low electric potential of an actively controlled
spacecraft is also beneficial for electric field measurements
using the double probe technique. These probes usually
struggle with the potential well around the spacecraft body
which is located between the two probes and complicates the
calibration of the measurements. In extreme cases, when the
spacecraft encounters a flowing, cold plasma, the potential well
can shield one or more probes from the ambient plasma which
causes huge artefacts in the electric field data which are
basically derived from the difference of electric potential
sensed by the probes oppositely positioned relative to the
spacecraft. These probes are kept near plasma potential by
imposed bias currents.
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The photo-emission current generated at the surface is
proportional to the surface area projected into the Sun direction
and the Solar flux in the extreme ultraviolet and X-ray
wavelengths. Thus the current is constant for a cylindrical,
spinning spacecraft, apart from secular changes of Solar
activity in the 11-year cycle. A freely floating electric
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spacecraft potential therefore carries information about the
ambient plasma, in particular about plasma current density.
The lower the plasma current density, the higher the potential
will be. For a simple Maxwellian energy distribution, current
density is proportional to plasma density times the square root
of plasma temperature. In planetary magnetospheres,
temperature usually varies less than density, thus one normally
density is the dominating parameter, and one observes a good
anticorrelation between plasma density and spacecraft
potential.
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It is noted that the accurate measurement of plasma density
is a challenging task. Particle detectors are limited in their
energy band and not at least suffer from spacecraft potential
effects in the first place, and wave receivers and sounders have
limited sensitivity when it comes to measuring densities well
below 1 cm–3 which are very common in parts of the outer
magnetospheres. In these regions the anticorrelation between
density and spacecraft potential is a convenient way to estimate
plasma density, assuming some plasma temperature. Obviously
a controlled spacecraft potential - albeit beneficial for many
plasma and field measurements on board - invalidates the
traditional usage of potential as a proxy for density.









(1)

spacecraft potential
probe potential
mean energy of the photo-electrons expressed in
projected probe surface
photo-electron current density
probe surface
electron charge
electron density
Boltzmann's constant
electron temperature
electron mass
bias current impressed on the probe

In the double probe technique to measure the electric field
and the spacecraft potential, probes are located at the end of
long wire booms, and bias currents are applied to probes to
clamp them to spacecraft potential. As can be seen in (2), the
bias current reduces the probe potential significantly if it
exceeds the plasma current. This is the case when a few 100
nA are applied to typically sized probes, and the resulting
probe to plasma potential is for example in the range 0.9 to 2.8
V, as reported by [2] for the EFW instrument [3] of the ESA
Cluster mission.

The main objective of this work is to demonstrate that the
active spacecraft potential control by the method of choice for
the Cluster and other, including future, missions, namely to
emit a constant current of positive ions to reduce naturally
occurring highly positive potentials to a few Volts, still permits
conclusions regarding plasma density. Possible techniques and
their limitations are described in the following sections, and
examples from the Cluster mission are given.
II.
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OPERATING PRINCIPLE AND INSTRUMENTAL SET-UP

Spacecraft are positively charged in sunlight, when the
photo-electron current generated at the surface exceeds the
plasma electron current. Neglecting other contributions to the
current balance, such as the plasma ion current and secondary
electron and ion currents, spacecraft potential is often used to
estimate plasma density because the data are available at high
time resolution and down to very low densities (n<<0.1 cm–3).

V probe ≈ V ph
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(2)

The active spacecraft potential control technique discussed
in this work relies on the emission of an ion beam at several
keV energy from the spacecraft by the instrument ASPOC
(standing for Active Spacecraft POtential Control) [4]. When
the ASPOC ion beam is active, the whole spacecraft behaves
like a biased probe. When the beam current is comparable or
higher than the plasma electron current, a significant reduction
of the spacecraft potential results. The ASPOC's were part of
the payload of the ESA Cluster and other missions. The beam
currents applied on Cluster were between typically 10 to 15 µA
with occasional higher values up to 30 µA. The Cluster
spacecraft are of cylindrical shape (about 3 m diameter and 1.1
m height) with electrically conductive surfaces. The total
surface area is ~23.5 m2 according to [5], and the projected
area to the Sun direction (responsible for photo-emission) is
~4.5 m2. These values together with a typical photo-emission
yield of 70 µA m-2 (see e.g. [6]) result in spacecraft potentials
not exceeding ~8 V. Thus, the controlled potential of the
Cluster spacecraft was higher than the probe potential, Vprobe,
which is the reason why small residual variations of
Vsc–Vprobe occur when the ambient plasma density varies. For
the uncontrolled Cluster spacecraft, the relation between

Fig. 1. Characteristic of relationship between the spacecraft potential and the
electron density in the near tail regions (reproduced from [1]).
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plasma density and potential has been studied earlier e.g. by
[19], [7], and [2].

assumed electron temperature between 10 and 100 eV should
have rather small influence on the derived density.

For simplicity, (1) and (2) assume single Maxwellian
energy distributions for both the plasma electrons and the
emitted photo-electrons. However, photo-emission is a more
complicated process involving Solar emission spectra which
have distinct peaks and material properties (work functions).
Thus, a Maxwellian is only a first order approximation to the
real spectrum. Reference [8] have used data from the Japanese
Geotail spacecraft to derive a photo-electron energy spectrum.
They find that a sum of three terms given in (3) for the current
density of photo-electrons which can escape into space at a
given spacecraft potential fits the data best.

The Cluster mission launched in 2000 consists of four
spacecraft orbiting the Earth in a tetrahedron constellation in a
polar, 4 x 20 Earth radius orbit. The mean distance between
spacecraft varied during the mission. It was particularly small
(~100 km) in Spring 2002 when the apogee was located in the
magnetospheric cusp region and in fall 2003 (~300 km) in the
tail (see Fig. 3).

jph = 53×exp(–Vsc/1.6) + 21×exp(–Vsc/3.0) +
+ 4×exp(–Vsc/8.9)
(3)
with jph being the photo-electron current density in µA m–2, and
Vsc the spacecraft potential in Volt. Reference [9] arrived at
similar results for GEOS-1, GEOS-2, ISEE-1, Viking, and
CRRES. References [10] and [11] state for Cluster the relation
j = j0 ×(0.95×exp(–Vsc/3) + 0.05×exp(–Vsc/10))

Fig. 3. Mean distances between the Cluster spacecraft in the first four years
of the mission

(4)

If one plots the potentials of two Cluster spacecraft as in
Fig. 4, one without (C1) and the other with (C4) active control
by a constant-current ion beam, one can directly visualize not
only the effect of the active control but also the small residual
variations of the controlled potential which seem to follow the
variations of the uncontrolled spacecraft at smaller scale. This
correlation between controlled and uncontrolled potential will
be used in the following sections to establish quantitative
relations.

with j0 = 56 µA m–2. The dashed lines in Fig. 2 show the
principal effect of a control beam current of 10 µA on the
Cluster spacecraft potential for three different electron
temperatures, based on the cofficients derived by [19]. As a
side note, electron temperature variations between 10 and 100
eV have little effect on the potential, as discussed by [7]. The
beam sets an upper limit to the potential, but for densities
larger than ~0.05 cm–3 a residual variation of the potential
remains.

Fig. 4. Controlled and uncontrolled Cluster spacecraft potential from C4 and
C1, respectively, on 2002-05-05 from 0210 to 0910 UT.

III.

Fig. 2. Relation between spacecraft potential and electron density according
to a simplified model.

ANALYSIS METHODS

Previous work on the intercomparison of Cluster spacecraft
potentials has been reported by [18]. In the present study we
mainly use Cluster data between February and June, 2002,
when distances between spacecraft were about 100 km, and we
assume that the spacecraft under comparison are embedded in
the same plasma environment. This assumption was also
verified by checking the energy-time spectrograms of electrons
from the PEACE [12] instrument in the energy range between
a few eV and 30 keV. For the time being we also neglect any

The objective of this work is to investigate whether and
how this residual variation can be used to estimate the plasma
density. As an intermediate step one would try to reconstruct
the uncontrolled spacecraft potential (full lines) and from there
proceed with already established methods to determine density.
As a side note it is worth mentioning that variations of the
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values well above the peak energy of the secondaries would
not be affected by the presence of secondary electrons. These
would immediately return to the surface and would not
contribute to the current balance between the spacecraft and the
environment. However, the situation may change if the
spacecraft potential is artificially kept at very low values. In
this case at least the high energy tail of the secondary electrons
would be able to leave into space, and its current would add to
the high energy tail of the photo-electrons. The result would be
a controlled spacecraft potential which is slightly higher than
the one in the normal density-potential correlation. As shown
in Fig. 5, ASPOC reduces the variations of the spacecraft
potential with changing plasma density from large change
shown by the dots at the blue lines to the tiny change at the
green lines. If, however, secondary emission were as strong as
assumed in the plot, the negative correlation between
controlled potential and plasma electrons (label "1") would
eventually change into a positive one (label "2").

secondary electron emission, and we neglect the probe-toplasma potential of the probes measuring the spacecraft
potential (instrument EFW [3]).
A. Method 1
For any time period under investigation we use three data
points: the potential of a Cluster satellite without active control
(normally we use C1), the potential of a controlled spacecraft
(normally C3 or C4), and the ion beam current applied on the
controlled spacecraft, Iaspoc. The photo-electron spectrum
emitted from both spacecraft must be identical, thus it serves as
the link between both potentials, since the emitted ion current
must equal the difference between the photo-electron currents
from the two spacecraft, or
Iphu(Vu) = Iphc(Vc) – Iaspoc

(5)

where Iphu and Iphc are the escaping photo-electron current of
the uncontrolled and controlled spacecraft expressed as
functions of the respective potentials Vu and Vc. Iaspoc, the
emitted beam current, is negative because ions and electrons
have opposite charge. The photo-electron currents are then
written as sum of two, three, or four exponential terms in
analogy to (3) and (4), and nonlinear least square fitting
methods are applied to determine the coefficients of the
exponential terms. Start values were taken from (3) or similar
values from literature. Due to the nonlinearity of the system the
choice of start values and weight functions is quite delicate.
Most successful were iterations with alternate fits of the factors
and exponents of the exponential terms. We call this our
method 1. Among its benefits are the independence of any
other data than controlled potential and control beam current,
and the fact that it can be used even when the ion beam current
is not constant over time.

Fig. 5. Principal relation between spacecraft potential in a variable density
environment without ASPOC (blue) and with ASPOC (green), without
consideration of secondaries (full red line) and including secondaries (dashed
red line).

Method 1 works extremely well over limited time periods,
typically over less than one orbit, but also for multiple orbits.
Combining data sets from 2002 (cusp region) and 2003 (tail
region), however, was less successful, i.e., there variance of the
data was higher. Consequently we were looking into a second
method to meet our goal to establish a predictor function of the
uncontrolled spacecraft potential.

Method 2 is based on partial regression of differential
energy flux (in a logarithmic scale) in the available binning in
energy as independent variables and the controlled potential of
the same spacecraft as dependent variable. For primary
electrons below the first cross-over energy one would expect a
negative correlation between flux and potential, but for
primaries near the peak of the secondary yield function one
might find a less negative or positive correlation.

B. Method 2
Background to method 2 is the suspicion that secondary
electron emission from the spacecraft surface contributes
noticeably to the current equilibrium in the form of a variable
source of low energy electrons in addition to the photoemission. Consequently, one would see a change to the
density-potential curve.

If method 2 can produce the results mentioned above, it (a)
would serve as confirmation that secondary electrons have
visible effect on the controlled potential, and (b) be a means to
improve the correlations and predictions of method 1 in
environments with significant secondary electron production.

Secondary emission with yields greater than unity is known
for primary electron energies in the range of several 100 eV up
to a few keV [13], [14]. The emitted secondary electrons are
sharply peaked at energies ~1–5 eV [15]. It was found by [16]
that the first cross-over energy above which the yield function
is larger than unity is ~30 to ~40 V for various metals.
Hoffmann et al measured yields > 1 for various materials
between a few 10 V and 800 eV (Kapton) or 3000 eV
(polycrystalline Al2O3). Taking these energies from literature
for granted, the potential of a spacecraft charged positively to

IV.

RESULTS FROM CORRELATING POTENTIALS OF
NEIGHBOURING SPACECRAFT

The inward pass of Cluster on May 5, 2002 from apogee to
~6 RE in an environment of gradually increasing plasma
density shall serve as demonstration of method 1. ASPOC was
inactive on C1, and the uncontrolled potential, Vu, of C1
decreases from a peak at 37 V to 2 V as shown in Fig. 4. The
ASPOC emitter on C4 was set to 9 µA, with two 1-minute
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pulses of 23 µA for test purposes. Accordingly, the controlled
potential, Vc, of C4 is limited to 8 V. The scatterplot of both
potentials in Fig. 6 shows an extremely good correlation which
does not quite follow a straight line in the chosen linearlogarithmic scale.

Fig. 7 shows the photo-electron spectra from previous
literature together with the spectrum found by fitting according
to method 1. For very low energies (<4 V) the least mean
square fit approached the curve derived by Cully et al. [11] for
Cluster, whereas higher energies follow more closely the
formula by Nakagawa [8] originally derived from Geotail data.
The size of the error bars increases with lower energy because
the emitted ion current influences the potential less and less.
Therefore the result for the integral photo-emission (including
electrons near zero energy) must be taken with caution. As a
side note, the curve labelled "Lybekk 2002" after the photoelectron spectrum derived by [5] for Cluster in 2002 deviates
significantly from the other data.

Fig. 6. Correlation between controlled and uncontrolled potential on 200205-05, data points and fitted lines (see text).

The few outliers to the left stem from the short test periods
with higher ion current. The colored lines are the results of
solutions to (5) and Iaspoc = 9.1 µA. For the green curve labeled
"Nakagawa" the escaping photo-electron current of C4 was
calculated from (3), the emitter current was subtracted, and the
result was used to find the uncontrolled potential of C1 by
solving (3) again. The blue curve labeled "Cully" represents the
solution using coefficients (4). They do not deviate too far
from the data points, but enough to render them almost useless
for an estimation of Vu from Vc. Obviously, the nonlinear least
mean square fit of the actual data using method 1 (labeled
"Iphs-rms") to determine the photo-electron spectrum by three
exponential terms shown by the magenta curve gives the best
result, shown by the magenta curve.

Fig. 8. Measured and fitted uncontrolled spacecraft potential on 2002-05-05.

Finally, Fig. 8 compares the uncontrolled potential of C1
with the values fitted according to method 1. The data (black
line) and fitted values (pink lines) are almost identical, which
leads to the conclusion that a prediction of the uncontrolled
spacecraft potential is possible if disturbances as described in
the following sections are absent. The photo-emission
spectrum and all other parameters entering into the formula,
including any offsets in the potential data, have to be known
rather well, preferably by calibrating all of them regularly in
flight. Obviously the method works the more accurate the
lower the emitted ion current is, and the relative error increases
gradually for uncontrolled potentials greater than about 15 V,
as can be seen from the increasing slope in Fig. 6. Also, the
influence of secondary electrons must be negligible, which is
the case on 2002-05-05. The energy-time spectrogram of
differential energy flux carried by electrons on this date as
measured by PEACE [12] (Fig. 9) shows hardly any flux above
300 eV, and the flux peaks at about 60 eV, where the
secondary emission yield is low.

Fig. 7. Photo-electron spectra used to fit the spacecraft potential data on
2002-05-05.
Fig. 9. Differential energy flux of electrons measured by PEACE on board
C4 on 2002-05-05.
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jph = 85×exp(–Vsc/0.92) + 7.8×exp(–Vsc/4.16) +
+ 2.4×exp(–Vsc/10.0)
(6)

Encouraged by the good results from the single orbit data it
was attempted to derive a relationship from a longer time
period. The variations of the ASPOC ion current over time do
not hinder the analysis since method 1 can handle this
condition. Using larger data sets means that the primary
electrons are not always as cold as in the first case and
secondary electrons may play a role, and also the spatial
separation between the two spacecraft under comparison may
either vary or become an important issue, namely in the
presence of sharp boundaries between dense and tenuous
plasma moving across the spacecraft which violates the
condition of equal plasma environments at both spacecraft. A
period in spring 2002 between February 15th and May 12th,
covering multiple (17) orbits was chosen. Not only the data
pairs (C4, C1), but also (C3, C1) are used.

We have chosen a solution with three exponential terms
because two terms could not reproduce the trends in the data.
Ideally, each term should correspond to a significant
population of photo-electrons. Energies at ~2.5 eV and near ~5
eV should be present due to solar Lyman α and soft X-rays,
respectively. The present result indicates a possible additional
population at ~10 eV, but the result in (6) must be seen as a
preliminary one, as more work is needed to further screen the
data, to improve the numerical stability of the method, and to
extend the data set in time.
V.

Fig. 10 shows a scatterplot of these data points in a similar
format as Fig. 6, but the color of the data points indicates the
associated ASPOC ion current. Two traces of points appear,
which is mainly due to the different ion current settings on C3
(~12 µA) and C4 (~9 µA). A few outliers (yellow and red
points) are the result of short test periods with higher ion
current. The result of the fit is shown for the ion currents 5, 10,
15, and 40 µA. Notably, the fitted lines become steeper with
higher ion current and higher controlled potential (or lower
plasma density), which requires higher accuracy of the input
data (controlled potential) in order to derive the controlled
potential and plasma density from there. However, even at 40
µA ion current, which is the planned emission current in a
future flight application for ASPOC [17], a residual variation
of the controlled potential remains even for the highest
uncontrolled potentials (corresponding to the lowest densities)
encountered in this time period. If the necessary in-flight
calibrations it should be feasible to provide at least a
reasonable estimate of the plasma density on the basis of a
controlled spacecraft potential.

RESULTS FROM CORRELATING PLASMA ELECTRON
FLUX WITH SPACECRAFT POTENTIAL

The relation between density and spacecraft potential
becomes more complex when the majority of the plasma
current comes from higher energies. Such a situation occurred
for example on August 31st, 2003, after 0 UT on Cluster 3 as
shown in Fig. 11. The potential was controlled by an ion beam
of 15.5 µA. The controlled potential in this time interval as
shown in Fig. 12a exhibits a temporal structure with
amplitudes larger than 2 V. Such strong variations can hardly
be explained a the previously discussed variation of thermal
plasma density alone, shown in Fig. 12b as derived from
PEACE electron data in the energy range 35 to 23000 eV.
There is no obvious correlation between potential and density.
According to Fig. 10, in order to achieve a variation of Vc from
4 V to 6 V at 15.5 µA beam current the plasma density would
have to fall to zero, which is not the case. The measured
variability of Vc must have other reasons. The time scales are
similar as in the electron flux of Fig. 11, which indicates some
causality, but it is difficult to numerically derive a correlation
between both quantities.

Fig. 11. Differential electron energy flux spectrogram of C3 on 2003-08-31
between 0 UT and 0040 UT.

One has to go into the small-scale structure to find a
correlation between primary electrons and spacecraft potential.
Fig. 13 shows the controlled potential in the short time period
between 0007 UT and 0010 UT together with the result of a
regression with the electron energy flux in the energy interval
10 - 2000 eV using method 2. The correlation coefficients
shown in Fig. 14 are negative for energies below 30 eV (as
expected), but are positive for all energies above 30 eV, which

Fig. 10. Correlation between controlled potential on both C3 and C4, and
uncontrolled potential on C1 between 2002-02-15 and 2002-05-12, data points
and fitted lines (see text).

The result for the photo-electron current density is given in
(6) for jph in in µA m-2 and Vsc in Volt.
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emission on the spacecraft body and the electric field probes
remains to be studied as well as possible other instrumental
effects. The ultimate goal is a two-step method which starts by
finding a "corrected" controlled potential in which the effects
caused by more energetic primary electrons have been
removed and continues with the correlation between the
potentials according to method 1.

means that in this environment the anticorrelation between
plasma density and spacecraft potential is partially reversed.

VI.

ELECTRIC FIELD MEASUREMENTS AND CONTROLLED
SPACECRAFT POTENTIALS

Accurate electric field and spacecraft potential
measurements in tenuous plasmas are technically challenging
due to a number of reasons such as the omnipresence of photoelectrons from the spacecraft, the booms, and the probes
themselves, and their spatial asymmetry with a maximum at
the sunlit side. There is also a complex interaction between the
probes near plasma potential and the nearby booms at
spacecraft potential against which sophisticated instrumental
solutions have been invented to minimize the disturbances.
By controlling the spacecraft potential the photo-electrons
are redistributed in the sheath, in particular the photo-electron
sphere (the volume in which the photo-electron density
exceeds the ambient plasma density) expands. Therefore it is
not surprising that the raw data of the sunward electric field
component (Ex) are affected by the control. In general one
observes an increase of Ex due to the additional negative charge
near the sunward pointing probe, but also the Ey component in
the ecliptic plane perpendicular to the Earth-Sun line may vary
to a smaller degree. If this effect is not fully removed by
calibration, a situation as shown in Fig. 15 will result, where
the Ex data of Cluster 4 drawn as a blue line immediately
decrease by about 0.5 mV m–1 as soon as the ion beam with 9.8
µA is switched off at 1436 UT and the spacecraft potential
jumps from 8 V to 37 V. Typical values for the change of Ex lie
between 0.5 and 1 mV m–1 for EFW. Shortly before the ion
beam turn-off it has been increased to 30 µA, and Ex responds
by a further increase by ~1 mV m–1.

Fig. 12. Upper panel (a): Spacecraft potential of C3 on 2003-08-31 between
0000 UT and 0040 UT, controlled by a 15.5 µA ion beam. Lower panel (b):
Electron density derived from PEACE between 35 and 23000 eV.

Fig. 13. Spacecraft potential of C3 on 2003-08-31 between 0007 UT and 0010
UT, controlled by a 15.5 µA ion beam.

Fig. 15. Cluster EFW X and Y components of the electric field, spacecraft
potential, and ASPOC ion beam current on Cluster 4, on 2001-09-24, from
1400 to 1450 UT.

Fig. 14. Correlation coefficients between the log of differential energy flux
bins of Fig. 11 and Vc of C3 on 2003-08-31 between 0007 UT and 0010 UT.

The Ey component is more variable, but the scatterplot of Ex
and Ey in Fig. 16 covering the same time period (2001-09-24
1400 to 1450 UT) shows that the mean Ey remains unchanged.
This feature of the EFW electric field data can be explained by

Further efforts are needed to develop this correlation
method into a working tool for the prediction of the
uncontrolled potential. The relative importance of secondary
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increased to ~300 km at that time, but this is still a rather low
value where one should not expect major differences in the
ambient plasma. Accordingly, the electron densities onboard
C1 and C3 measured by PEACE and shown in the lower panel
of Fig. 17 are very similar. Furthermore, the electron energy
flux spectrum measured by PEACE (not shown) does not
exhibit any relevant temporal structure.

photo-electron physics and removed from the data by proper
calibration. Furthermore, the variations in Ex are only
marginally correlated to changes of the spacecraft potential and
therefore irrelevant for the prediction method of the
uncontrolled spacecraft potential which is the focus of this
study.

The obvious next step is the investigation of the electric
field data, which indeed show nonstandard features. Fig. 18
shows the Ex and Ey components together with the controlled
spacecraft potential. Both components are positively correlated
with the potential, as confirmed in Fig. 19 containing a
scatterplot of the electric field vectors with colors according to
the spacecraft potential. This figure shows that the deviations
from the undisturbed electric field are correlated with the
deviations from the undisturbed potential indicated by the color
of the data points.
The preliminary conclusion from the analysis of this and
many other events is that an offset of the Ex component caused
by the spacecraft potential control may be present, but this
should be easily removed by proper calibration. The reason for
the also observed bumps of ~1 V amplitude of the spacecraft
potential which are correlated to features in the electric field
data has not yet been fully understood, but are probably related
to probe bias current issues. Nonetheless it is possible to
exclude time periods of disturbed electric fields such as those
shown in this section based on the correlation between
controlled and uncontrolled spacecraft potentials, and thus to
improve the prediction capability of the methods 1 and 2.

Fig. 16. Electric field vectors on C4 on 2001-09-24 from 1400 to 1450 UT.
The color indicates the spacecraft potential: blue points during active
spacecraft potential control, orange and red points after ion beam turn-off.

Fig. 18. Electric field components and spacecraft potential of C3 on 2003-0824 between 1540 and 1645 UT.

The obvious next step is the investigation of the electric
field data, which indeed show nonstandard features. Fig. 18
shows the Ex and Ey components together with the controlled
spacecraft potential. Both components are positively correlated
with the potential, as confirmed in Fig. 19 containing a
scatterplot of the electric field vectors with colors according to
the spacecraft potential. This figure shows that the deviations
from the undisturbed electric field are correlated with the
deviations from the undisturbed potential indicated by the color
of the data points.

Fig. 17. Upper panel: Spacecraft potentials of Cluster 1 (uncontrolled) and 3
(controlled) on 2003-08-24 between 1535 and 1645 UT. Lower panel:
Electron densities on Cluster 1 and Cluster 3.

A more interesting feature of EFW electric field data is
their occasional correlation with spacecraft potential in a way
which is difficult to interpret as a result of variations in the
ambient plasma. The upper panel of Fig. 17 shows the potential
of the uncontrolled spacecraft C1 and the controlled spacecraft
C3 on 2003-08-24 between 1535 and 1645 UT. The ion beam
onboard C3 had a current of 16 µA. There is absolutely no
correlation between both potentials, although it should be
mentioned that the separation between the spacecraft has
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Finally, features in the electric field data obtained by the
double probe technique can be used to check the validity of the
spacecraft potential data. When the difference between probe
and spacecraft potential is small, as it is naturally the case
when the spacecraft potential is controlled, the relative error
caused by any variations of the probe-to-plasma potential may
become relevant. Correlation between electric field and
potential variations may be indicative of instrumental errors
directly or indirectly caused by the modified photo-electron
cloud.
In future work the method described in this paper shall
provide a practical formalism to reconstruct the uncontrolled
potential of Cluster spacecraft also for other conditions than in
the present study, and it shall be enhanced by numerical
corrections for secondary electrons, and filtered for plausibility
of the potential data based on comparisons with electric field
data. The prediction capabilities established in this work will
also be useful for future measurements including the
Magnetospheric Multiscale Mission, where the same active
control technique [17] is part of the scientific payloads.

Fig. 19. Electric field vectors on C3 on 2003-08-24 between 1400 and 1450
UT.

The preliminary conclusion from the analysis of this and
many other events is that an offset of the Ex component caused
by the spacecraft potential control may be present, but this
should be easily removed by proper calibration. The reason for
the also observed bumps of ~1 V amplitude of the spacecraft
potential which are correlated to features in the electric field
data has not yet been fully understood, but are probably related
to probe bias current issues. Nonetheless it is possible to
exclude time periods of disturbed electric fields such as those
shown in this section based on the correlation between
controlled and uncontrolled spacecraft potentials, and thus to
improve the prediction capability of the methods 1 and 2.
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 Plasma measurements degrade
when spacecraft potential is high

Cluster 1

 Sunlit s/c in Earth's magnetosphere
often charge to several 10 Volt
 ESA Cluster & NASA MMS s/c carry
ion emitter instruments to mitigate
charging
 Goal: <+8V (Cluster), <+4V (MMS)
 However: uncontrolled potential is
practical to determine plasma
density at high time resolution
even for low values
Is it possible to determine plasma density
from residual small variations of a
controlled spacecraft potential ?
Ishisaka (2005)
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Introduction - 2

 Under simplifying assumptions the
uncontrolled spacecraft potential is:

Vsc ,uncontrolled ≈ V ph

 Adding the actively emitted ion current,
→ reduced, controlled s/c potential:
 Previous literature: current of escaping
photo-electrons expressed by 2 or 3
terms, e.g. Nakagawa (2000) / Geotail:
 Controlled and uncontrolled potentials
should be correlated
Is it possible to determine plasma density
from residual small variations of a
controlled spacecraft potential ?
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Vsc ,controlled ≈ V ph
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Data Set
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 Four Cluster spacecraft
 Polar, 4 x 20 Earth radii orbit
 Distances 100 km (spring 2002)
and 300 km (fall 2003)
 Surface area 23.5 m2
 Sunlit (projected) area 4.5 m2
 Simultaneous potential data of
controlled and uncontrolled s/c
 Potential and electric field data
from double probes (EFW)
 Plasma electron data <23 keV
from spectrometer PEACE
 Ion emitter instrument ASPOC,
beam currents up to 30 µA,
typical currents 10 to 15 µA,
indium ions, energy 6-8 keV
4
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Analysis Methods

 "Method 1" uses data containing transitions between dense and tenuous
plasma, several hours each.
 a) potential of a spacecraft without active control (zero ion current)
 b) potential of a spacecraft with active control
 c) ion beam current
 Assumption: identical plasma environment for both s/c
 Method 1 result: baseline relationship between controlled and
uncontrolled potentials
 Next step: investigate residual variations of the potential
 "Method 2" correlates plasma electron flux & controlled s/c potential
 Aims at additional effects, e.g. due to secondary electron production
 Finally, check features in electric field & their relation to variations of
controlled potential which cannot be interpreted by either method
5

Method 1 - Correlation Between Controlled
and Uncontrolled Potential
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 We write:

Iphu(Vu) = Iphc(Vc) - Iaspoc

Iph ... escaping photo-electron current
subscript u ... uncontrolled spacecraft
V ... spacecraft potential
subscript c ... controlled spacecraft
Iaspoc ... actively emitted ion beam current
 Iphu and Iphc represented by the
same 2- or 3-term exponential

Iph = a exp(-V/b) + c exp(-V/d) + ...

 Nonlinear least square fit
 Weight functions, start values and parameter limits are important
 Advantages
 Ion beam currents may vary
 Variations of ambient plasma are transparent
 Resulting photo-electron spectrum is of interest by itself
 Result can predict uncontrolled potential and derive plasma density
6
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Results from Correlating Potentials
 Inward pass of Cluster on May 5, 2002
from ~20 RE to ~6 RE
 C1: Vsc1 < 37 V, uncontrolled

 C4: Vsc4 < 8 V, ~9 µA ion beam
 Best fit according to method 1 and
three exponential terms
 Solution using photo-electron
spectrum by Nakagawa (2000)
 Solution using photo-electron
spectrum by Cully et al (2012)
 Best fit spectrum of escaping photoelectrons ("this work") follows
Cully for lower energies and
Nakagawa for higher energies
7
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Results from Correlating Potentials - 2
 Uncontrolled potential reconstructed by: Vu = V(Iphc-Iaspoc)
Iphc ... photo-electron current leaving controlled s/c
 Fits extremely well
Is ... escaping secondary electron current
 Proves method 1 is useful
Vu ... uncontrolled spacecraft potential
under given conditions:
Iaspoc ... actively emitted ion beam current
 Ion beam current ~9 µA
 Electron flux dominated by low energies: secondaries negligible
 Good calibration of potential measurements

The controlled potential is
equally useful for the
derivation of electron density
as the uncontrolled potential
8
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Results from Correlating Potentials - 3
 Larger data set: Cluster 3 and 4,
Feb 15, 2002 to May 12, 2002
 Complete period with ~100 km
between spacecraft
 Ion current range: 5 - 28 µA;
C3 mainly at 12-15 µA, C4 at 9 µA
 Even at 40 µA ion current some
residual variation of the controlled
potential remains everywhere
 Result for jph is consistent with
previous literature,
but still preliminary

jph = 85×exp(-Vsc/0.92) +
7.8×exp(-Vsc/4.16) +
2.4×exp(-Vsc/10)

 Future work:
further data screening,
improved numerical stability,
extension of the data set in time

jph in [µA m-2]
Vsc in [V]
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Method 2 - Correlation Between Controlled
Potential and Plasma Electron Flux
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 Method 1 works well with identical
plasma currents on both s/c
 Secondary electron flux peaks at
few eV; electrons escape more
easily when s/c potential is low
 Significant primary flux at energies
with secondary yield >1 introduces
secondary electron term

Ieu(Vu) = Iphu(Vu) + Isu(Vu)
Iec(Vc) = Iphc(Vc) + Isc(Vc) - Iaspoc

 Method 2: multiple regression of
(log) differential energy flux bins
with controlled potential

Ie ... plasma electron current
Iph ... escaping photo-electron current
Is ... escaping secondary electron current
V ... spacecraft potential
subscript u ... uncontrolled spacecraft
subscript c ... controlled spacecraft
Iaspoc ... actively emitted ion beam current

 Correlation coefficients expected
to mirror yield function
 Result: correction to method 1
 Future: integration with method 1
10
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Correlating Potential and Plasma Flux
 High-energy electron flux case
selected to investigate secondary
electron effects

 Controlled potential (15 µA beam)
shows 2 V peaks, unexplained by
variations of plasma density

 Involvement of secondary
electrons ?
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Correlating Potential and Plasma Flux 2
 In subset of previous data:
 Controlled potential 0007-0010 UT
on 2003-08-13 fits extremely well
to result of regression with electron
energy flux 10 - 2000 eV using
method 2
 Correlation coefficients are negative
<30 eV (as normally expected),
but positive >30 eV
 → the "normal" anticorrelation
between plasma density and
spacecraft potential is partially
reversed
 Indication of secondary electron
effects
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Electric Field Measurements
 Electric field measurements are
influenced by photo-electrons
around the spacecraft
 Active control re-distributes these
electrons, mainly in Solar direction
(Ex , blue curve)
 Correlation between emitted ion
current (orange line) and apparent
sunward component of electric
field (blue line)
 Ion beam causes ~0.5 mV/m offset
to be considered in E-field probe
calibration
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Electric Field Measurements - 2
 Strange: occasional periods
without correlation between
controlled and uncontrolled
potentials of neighboring
spacecraft

 Separation between s/c ~300 km

 Plasma density identical
on both s/c
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Electric Field Measurements - 3
 Both E-field components
positively correlated with
spacecraft potential

 Electric field vector amplitude
correlated with controlled potential
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Summary and Conclusion

 Beneficial effect of active spacecraft potential control for plasma electron
and ion measurements can be combined with the quick determination of
plasma density by exploiting the residual small variations of the potential.
 Method based on finding a best-fit photo-electron energy spectrum to
both potentials and the ion current of the active control instrument.
 Feasibility of this method was demonstrated by correlating the potentials
of Cluster spacecraft with and without active control.
 Regular in-flight calibration is mandatory in order to cope with secular
trends of the photo-emission due to solar activity and changing surface
properties.
 Secondary electron production may play a role in the presence of primary
electron flux above several 100 eV.
 Features in electric field data obtained by double probes are useful to
check validity of spacecraft potential data.
 Ongoing work shall stablish formulas to reconstruct the uncontrolled
potential under all conditions in future missions.
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