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[1] A sunlit conductive spacecraft, immersed in tenuous plasma, will attain a positive
potential relative to the ambient plasma. This potential is primarily governed by solar
irradiation, which causes escape of photoelectrons from the surface of the spacecraft,
and the electrons in the ambient plasma providing the return current. In this paper we
combine potential measurements from the Cluster satellites with measurements of
extreme ultraviolet radiation from the TIMED satellite to establish a relation between solar
radiation and spacecraft charging from solar maximum to solar minimum. We then use this
relation to derive an improved method for determination of the current balance of the
spacecraft. By calibration with other instruments we thereafter derive the plasma density.
The results show that this method can provide information about plasma densities in the
polar cap and magnetotail lobe regions where other measurements have limitations.
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1. Introduction

[2] Langmuir probes on early sounding rockets demon-
strated that a rocket in the lower ionosphere would achieve a
negative potential with respect to the ambient plasma. Only a
small high energy fraction of the electron energy distribution
would balance the flux of ions. The even smaller flux of
photoelectrons will not significantly change this picture. The
NASA Explorer and IMP satellites were the first to carry out
basic measurements in the magnetosphere, and Whipple
[1965] was one of the first to conclude that a sunlit space-
craft in the magnetosphere would achieve a positive poten-
tial, because the flux of photoelectrons would dominate over
the flux of electrons in the thin plasma of the magnetosphere.
A current balance could only be achieved by attracting low
energy photoelectrons back to the positively charged
spacecraft, and allowing only higher energy photoelectrons
to escape and be in balance with collected electrons.
[3] Fahleson [1967] published a detailed description of an

electric field experiment, using spherical double probes.
This became the basis for development of electric field
experiments in the magnetosphere on GEOS-1, GEOS-2 and
ISEE-1 (launch years 1977, 1978 and 1978). These satellites

had surfaces with sufficient conductivity to keep the whole
spacecraft at a uniform potential. The potential was mea-
sured with reference to electric field probes, kept close to the
ambient plasma potential. Several papers have used space-
craft potential measurements on satellites to estimate densi-
ties in the magnetosphere [Pedersen, 1995; Escoubet et al.,
1997; Laakso and Pedersen, 1998; Nakagawa et al., 2000;
Pedersen et al., 2001; Scudder et al., 2000; Laakso et al.,
2002].
[4] Brace et al. [1988] published variations of solar EUV

radiation during the years 1981–1987, based on negative
voltage sweeps on a Langmuir probe on the Pioneer Venus
Orbiter, leading to measurements of photoelectrons in addi-
tion to collected ions. These measurements, and simulta-
neous Lyman alpha measurements on Solar Mesospheric
Explorer, demonstrated that EUV radiation had a significant
variation with solar rotation, as well as a 30–40% drop from
solar maximum to solar minimum. However, it was only
after years of observations on the Cluster satellites, and
modeling of the potential distribution around Cluster [Cully
et al., 2007], that it was possible to use spacecraft potential
measurements to develop a more accurate method for esti-
mating the electron density in a thin plasma, and to dem-
onstrate that the solar cycle variation of photoelectron
emission had to be considered [Pedersen et al., 2008].
[5] This paper is a further development of this method.

Data from the Cluster Active Archive has made it possible to
obtain qualified data for calibration of the method: Ion data
from CIS [Rème et al., 2001], electron data from PEACE
[Johnstone et al., 1997], electron density from the plasma
wave experiments on WHISPER [Décréau et al., 1997] and
WIDEBAND (WBD) [Gurnett et al., 1997]. Certain cali-
brations have been done during periods when the spacecraft
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potential was reduced by ion emission from ASPOC [Torkar
et al., 2001]. Furthermore solar EUV data from the TIMED
satellite has made it possible to see how short-term and long-
term variations of solar photons influence the spacecraft
potential.
[6] Calibrations of the method with data from the CIS,

PEACE and WHISPER have mainly been carried out on
Cluster C4, where all four electric field probes have been in
operation for the times considered in this paper. One reason
for this choice is that the electron drift experiment, EDI, does
not operate on C4. On the other Cluster satellites the EDI
electron emission will, at periods with increased emission,
influence the spacecraft potential in tenuous plasmas. Fur-
thermore these three satellites, and in particular C3, are less
positive than C4 for large spacecraft potentials after 2005.
This is probably related to changes in spacecraft conductive
surfaces and will be discussed later.

2. Experiment Description, Data Analysis,
and Calibrations of the Method

[7] The electric field experiment, EFW, on Cluster has
been described by Gustafsson et al. [1997]. Electric field
probes are placed at the tips of four radial wire booms, 44 m
from the spacecraft spin axis. This separation brings the
probes closer to the ambient plasma. However, the probes
are influenced by the potential of the boom tips, kept at the
spacecraft potential. Details of the probe – boom tip inter-
face and the functioning of the electric field probes are given
by Pedersen et al. [2008]. Cully et al. [2007] have developed
a model of the potential around a Cluster spacecraft when
the Debye length of the undisturbed plasma, lD, is large
compared to the spacecraft to probe distance of 44 m.
Orbiting and escaping photoelectrons influence the potential
distribution around the spacecraft and the long booms. In
this model the plasma near the electric field probes is
approximately 19% of the potential of the spacecraft relative
to the undisturbed plasma. The model can be used for tenu-
ous plasma conditions in the lobes, the polar caps and the
cusps near the polar caps. Figure 1 is a sketch of the space-
craft potential relative to the undisturbed plasma, (Vs � V0s),
and the measured potential between spacecraft and probes,
(Vs� Vp). The potential of the probes, Vp, is controlled to be

at a small positive potential relative to their local plasma at a
potential Vnp. The model of Cully et al. [2007] gives the
potential of Vnp relative to the undisturbed plasma, and we
can write: (Vnp � V0s) = 0.19 (Vs � V0s).
[8] Mott-Smith and Langmuir [1926] presented a formulae

for the electron current, Ie, to a conductive sphere at a pos-
itive potential, Vb, relative to the undisturbed plasma at a
potential V0. A condition for the use of this formula is that
lD is larger than the diameter of the sphere.

Ie ¼ Ie0 1þ Vb � V0ð Þ=Ve½ � ð1Þ

Ie0 is the electron current to the sphere when it is at the
potential of the undisturbed plasma: Ie0 = C Ne Ve

1/2 Ab. The
constant C in the formula of Mott-Smith and Langmuir
[1926] is 2.68 10�14 AmV�1/2. Ne is the electron density
in m�3. Ve = kTe/e and Ab is the surface area of the sphere. Ie
is a convenient linear function of (Vb � V0), and will be
used for determining the electron current to the electric field
probes as well as estimates of the electron current to the
Cluster spacecraft.
[9] A conductive spherical body in the magnetosphere

will come to a positive potential relative to the undisturbed
plasma as a consequence of a current balance between col-
lected electrons and the current of escaping photoelectrons.
This is also the situation for the electric field probes. How-
ever, it is necessary to bring these probes as close as possible
to the potential of the undisturbed plasma, V0s. In the case of
Cluster this means as close as possible to Vnp. This is done
by injecting an electron bias current, Ib, to the probes so that
the sum of the plasma electron current to a probe, Iep, plus Ib
is in balance with the current of photoelectrons escaping
from a probe, Iphp. Based on a number of sweeps of Ib in
tenuous plasmas, it was possible to estimate (Vp � Vnp). The
detailed procedure is given by Pedersen et al. [2008].
(Vp � Vnp) was found to vary from approximately +2.5 V to
+1.5 V from solar maximum to solar minimum for Ib =
140 nA. A decision to lower Ib to 100 nA in June 2006 did
bring the probes to a slightly more positive potential relative
to the ambient undisturbed plasma. We will use (Vp � Vnp) =
(2 +/� 0.5) V as a sufficient approximation for the probe
potential relative to its local plasma. The exact value of this
parameter is not critical for high values of (Vs � Vp), but
must be considered for calibrations in the solar wind with
smaller values of (Vs � Vp).
[10] The Cluster spacecraft has a cylindrical shape, and

we need to find an approximation for the collection of
electrons. The equipotential surfaces around Cluster in a
tenuous plasma will change from ellipsoid-like to spherical
with increasing distance from the spacecraft. It is therefore
possible to use the electron collection of a sphere, having
the same surface area as Cluster, as an approximation.
Equation (1) can be used to find the collected electron cur-
rent, Ies, for the Cluster spacecraft as a function of (Vs�V0s),
by replacing Vb with Vs and V0 with V0s. The Cluster surface
area, As = 23.5 m2 replaces Ab.

Ies ¼ C Ne V1=2
e As 1þ Vs � V0sð Þ=Ve½ Þ�

¼ Ies0 1þ Vs � V0sð Þ=Ve½ Þ� ð2Þ

Figure 1. Schematic presentation of the spacecraft poten-
tial relative to the ambient plasma, (Vs�V0s), and the
potentials of the electric field probes, Vp, controlled to be
at +(2 +/� 0.5) V relative to their local plasma potential,
Vnp. The spacecraft to probe potential difference, (Vs�Vp),
is measured by the electric field experiment EFW.
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The spacecraft will be at a more positive potential than the
electric field probes. It is possible to determine (Vs�V0s)
when we know the measured parameter (Vs � Vp).

Vs � V0sð Þ ¼ Vs � Vp

� �þ Vp � Vnp

� �þ 0:19 Vs � V0sð Þ
¼ 1 – 0:19ð Þ�1 Vs � Vp

� �þ Vp � Vnp

� �� �

¼ 1:23 Vs � Vp

� �þ Vp � Vnp

� �� � ð3Þ

Ies as a function of (Vs � Vp) can be found by inserting the
above equation for (Vs � V0s) into equation (2).
[11] The four long EFW booms and the two shorter mag-

netometer and search coil booms are at the same potential as
the central spacecraft body, and have a total area of the order
1.5 m2. Long cylindrical elements increase their electron
collection as a function of a positive potential bias with a
factor (1 + (Vs � V0s)/Ve)

1/2. The booms are not free long
cylinders and their electron collection will be in between that
of a long cylinder and a sphere. To include their relatively
small, but uncertain contribution, we have chosen to set As

to 25 m2.
[12] We will later demonstrate, by calibrations with other

Cluster experiments, that the above equations can be used
for values of lD down to approximately 20 m without sig-
nificantly changing the Ne estimates we will describe by the
use of these equations.
[13] In the following we will determine Iphs, the current of

photoelectrons escaping from the spacecraft, as a function of
(Vs � Vp) by calibrations in the solar wind and in the plasma

sheet. Iphs is reduced to smaller values for an increase of
(Vs � Vp), and we will demonstrate that Ies values of dif-
ferent mean energies in the range (10–100) eV tend to come
in current balance with Iphs at the same (Vs � Vp) values.
The combination of Iphs with equations (2) and (3) can be
used for estimates of Ne = Ne(EFW) which are nearly inde-
pendent of electron mean energy as long as it is in the range
(10–100) eV. Before we enter into more details on this topic,
we will describe how Iphs varies with solar EUV radiation
during the solar cycle.

3. Solar Photon Energies and Their Photoelectron
Energy Distributions

[14] Feuerbacher and Fitton [1972] and Grard [1973]
have analyzed the photoelectron energy distributions from
photons with energies up to 20 eV for different materials,
including Indium Oxide. On Cluster Indium Tin Oxide was
used for giving spacecraft surfaces a conductive coating.
These authors found that the main part of the photoelectrons,
generated by 20 eV photons, peak at energies well below
20 eV. Similar measurements at higher photon energies have
not been carried out. However, it is possible to see what part
of the solar spectrum is important for this study. A photo-
electron will from the start lose (4–6) eV in crossing the
surface work function barrier before leaving the surface,
and must still have sufficient energy to pass the positive
potential around the spacecraft. Figure 2 shows the maxi-
mum photon wavelength (minimum energy) required for
producing photoelectrons capable of escaping from a

Figure 2. Photoelectrons must have enough energy to first pass the surface work function barrier of
(4–6) V, and still have enough energy to overcome the attractive positive potential of the spacecraft,
in order to escape to the plasma. The curve shows the maximum photon wavelength (minimum energy)
required for producing photoelectrons capable of escaping from a spacecraft at a potential Vs�V0s relative
to the undisturbed plasma. In this case the work function has been set to 6 V.
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spacecraft at a potential Vs � V0s. The work function is set
to 6 V in Figure 2.
[15] Solar radiation data from the TIMED satellite has

become available, starting from early 2002.
[16] The integral of the radiation over different wave-

lengths are given in units of Wm�2 in the wavelength range
(0–7) nm (7 nm corresponds to 177 eV photons), 0–45 nm
(45 nm corresponds to 27.5 eV photons), 0–105 nm (105 nm
corresponds to 11.8 eV photons). We will mainly use EUV
data covering the latter wavelength range for comparison
with variations of Iphs, the photoelectron escape current on
Cluster. Figure 3 shows the 0–105 nm radiation from 2002
to 2010. The 27 day periodic variations of the EUV radia-
tion, near solar maximum, are clearly related to solar rota-
tions. The mean value of the 0–105 nm radiation at solar
minimum is less than 50% of the mean value near solar
maximum. The green colored parts are for February–March,
when Cluster apogee was in the solar wind, and cross-
calibrations with WHISPER were possible. The blue colored
parts are for the months of August–September when cali-
brations in the plasma sheet were possible.

4. Determination of Iphs (Current of Escaping
Photoelectrons) for Cluster C4 in the Solar Wind

[17] WHISPER is providing very reliable and continuous
Ne data in the solar wind. We can determine Ies = Iphs for
(Vs � Vp) in the range (6–8) V by having information about
Ne and demonstrating that Ies is nearly independent of elec-
tron energy for these values of (Vs � Vp). A limitation of
this calibration is that periods with (Vs � Vp) = (6–8) V only
could be carried out for low solar wind plasma densities near
1 cm�3.

[18] Figure 4a shows plots of Ies/Ne as a function of (Vs �
V0s) for the assumed case of Cluster being placed at the
ambient plasma potential, and then moved to higher values of
(Vs�V0s). Using equation (2) we can calculate Ies/Ne for Ve =
5 V, Ve = 10 V and Ve = 20 V, which represent safe limits
of Ve in the solar wind. The linear Ies/Ne functions, for
these values of Ve, tend to focus for (Vs � V0s) in the range
(10–13) V. We want to relate these Ies/Ne values to the mea-
sured parameter (Vs � Vp). The shaded areas in Figure 4a
define the limits of Ies/Ne for (Vs � Vp) of respectively 6 V,
7 V and 8 V. The small spread of Ies/Ne is due to the assumed
spread of Ve. The limits of (Vs � Vp) reflect the uncertainty
in relating (Vs � Vp) to (Vs � V0s) because (Vp � Vnp) =
(2 � 0.5) V.
[19] In the solar wind it is necessary to include ion cur-

rents, I+s, as a small correction to the current balance of
Cluster because of the high velocity of ions in the solar
wind. I+s can be estimated as an ion ram current to the pro-
jected area, Ar, of Cluster to the solar wind. Ar is approxi-
mately 4.5 m2, and assuming a range for the solar wind
velocity, vsw = (300 – 600) km s�1, we can write:

Iþs ¼ Nþ e vsw Arj j ¼ Ne e vsw Arj j ð4Þ

The ion ram energy of ions is so high that I+s will not vary
for the (Vs � Vos) values in Figure 4a. We must subtract
I+s/N+ = (0.2 – 0.4) 10�12 A m3, based on equation (4) (from
Ies/Ne to get (Ies � I+)/Ne as a function of (Vs � Vp). This
function with error bars is presented in Figure 4a. In
Figure 4b we use this relation, in combination with
WHISPER measurements of Ne, to find Iphs = Ies � I+s.
[20] During January–March 2006 the solar EUV radiation

was stable at 3 mWm�2. We can in this case find how Iphs

Figure 3. The solar EUV radiation (0–105) nm during the solar cycle from 2002 to 2010 has variations
with the solar rotation period. They are more pronounced during solar maximum. A marked drop in the
average radiation level has been observed, from near solar maximum to near solar minimum. Green parts
are for early in the year (solar wind calibration of method), and blue parts are for early autumn (plasma
sheet calibrations).

LYBEKK ET AL.: CLUSTER SC POTENTIAL AND ELECTRON DENSITY A01217A01217

4 of 14



varies for (Vs � Vp) between 6 V and 8 V by combining
values of Ne from WHISPER, for different solar wind elec-
tron densities and (Ies � I+s)/Ne in Figure 4a. Figure 4b
shows that there is an increase of Iphs for (Vs � Vp) from
8 V to 6 V of approximately 20 percent per volt.
[21] Figure 5 shows that the solar EUV radiation in the

wavelengths (0–105) nm and (0–7) nm had large variations
in the first three months of 2003. Cluster was in the solar
wind for a major part of the orbits during this period, and
it was possible to find 25 events when Vs � Vp on C4 was at
a stable potential between 6 V and 8 V, and Ne from
WHISPER could be obtained. In order to compare EUV
radiation with Iphs based on Figures 4a and 4b, we bring
all observations of (Vs � Vp) between 6 V and 8 V to
(7 � 0.5) V, using the slope of Iphs in Figure 4b. This
resulted in a sufficient number of values of Iphs demon-
strating the connection between Iphs and solar EUV radia-
tion. It also shows that Iphs, for Vs-Vp = (7 � 0.5)V, varies
between approximately 15 mA and 20 mA during the three
months. We will later find Iphs = Ies by calibrations with
the electron and ion experiments PEACE and CIS in the
plasma sheet during the months August – October. The Iphs
values obtained from solar wind measurements provide a
valuable check of these calibrations.

5. Calibration of Iphs = Ies for Cluster C4 in the
Plasma Sheet, the Plasma Sheet Boundary Layer,
and the Lobes

[22] Plasma sheet electrons of keV mean energy will
provide a current Ies0 to the spacecraft nearly independent of
the spacecraft potentials we will consider. I+s is a few per-
cent of Ies in this plasma, and can be neglected. Ies0 can be
determined from equation (2) with knowledge of Ne and N+.
Different values of Ne(PEACE) and N+(CIS) have been used
to determine values of Ies0 in balance with Iphs at different
values of (Vs � Vp). The parallel and perpendicular electron
temperature may differ, and it is necessary to find an average
value and to avoid situations with large differences in these
parameters. Periods with agreement between Ne(PEACE)
and N+(CIS) were selected.
[23] To calibrate for small values of Ies we must go to the

plasma sheet boundary layer, and also to the lobes when
PEACE provides electron density and mean energy in this
region. We use equations (2) and (3) to find Iphs = Ies as a
function of (Vs � Vp) by using Ne and Ve provided by
PEACE. The parallel and perpendicular electron temperature
may differ, and it is necessary to find an average value and to
avoid situations with large differences in these parameters.
Periods with a fair agreement between Ne(PEACE) and
N+(CIS) were preferred.
[24] Figure 6 presents the result of using selected periods

of PEACE data from the Cluster Active Archive (CAA) to
find Iphs = Ies(plasma sheet) as function of the measured
parameter, Vs � Vp, for the years 2001–2006. The scatter-
plots of Iphs have different colors for each year. A loga-
rithmic current scale has been chosen to cover the wide
current range. With knowledge of Iphs, it is possible to use
equations (2) and (3) to calculate the value of Ies = Iphs in the
lobes and the polar caps where the electron energies are
much lower. In the following we will consider mean electron
energies of (10–100) eV. Calculated Ies currents for selected

Figure 4. (a) Ies/Ne as a function of (Vs�V0s) can be cal-
culated for Cluster from equation (2) for different values
of Ve. We assume that a safe range for Ve in the solar wind
is from 5 V to 20 V. The linear functions of Ies/Ne tend to
focus near values of (Vs�V0s) corresponding to values of
(Vs�Vp) in the range (6–8) V. By correcting for a small
ion current, I+s in the solar wind, we can find (Ies � I+s)/Ne,
which in turn can be used to find the current of escaping
photoelectrons, Iphs = (Ies � I+s) when Ne data is available.
(b) For January–March 2006 the (0–105) nm solar radiation
was stable at 3 mWm�2 for longer periods. Ne data from
WHISPER, combined with (Ies �I +s)/Ne in Figure 4a, could
then be used to find Iphs versus (Vs�Vp) and demonstrates
that Iphs increases with approximately 20% per volt when
(Vs�Vp) changes from 8 V to 6 V.
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values of Ne and Ve = 10 V (blue), 50 V (red) and 100 V
(black), are drawn as lines in the plots for each year. The
crossings of the Iphs calibration curves with the model Ies
curves, based on equations (2) and (3), give estimates of Ne

= Ne(EFW) as a function of (Vs � Vp). The Iphs color scat-
terplots for each year is the average of 5–7 events with good
data for different values of Vs � Vp, and in the first years the
spread is probably related to the large variation of EUV
radiation with solar rotation. This does not explain the
spread in 2005–2006 data, when such variations were small.
[25] The Iphs values based on measurements in the solar

wind, and their variation with Vs � Vp, are also presented in
Figure 6. This comparison could first be started in 2002
because very few events with suitable WHISPER and EFW
data could be identified at the start of Cluster operations in
early 2001. For the first years the error bars are more dom-
inated by solar EUV variations than error bars of the method.
Extrapolating Iphs values to Vs � Vp = 8 V shows that
Iphs(solar wind) are in some cases 15–20% lower than Iphs
from PEACE calibrations. The explanation may be that
plasma sheet high energy electrons produce secondary
electrons, which add to escaping photoelectrons. The
Ne(EFW) technique will mainly be used outside the plasma
sheet, and therefore for smaller values of Ve and a more
positive spacecraft. Secondary electrons have energies in the
eV range and will in this case orbit back to the spacecraft.

We will use the solar wind calibrations, where secondary
electrons can be neglected, as the best reference for small
values of Vs � Vp.

6. Calibrations With PEACE and ASPOC on C3
and WBD on C1

[26] During the autumn of 2003 the four Cluster satellites
were separated with a few hundred km in the cusp–polar cap
region. Long periods could be identified when all satellites
had very similar spacecraft potentials provided that EDI and
ASPOC were off and did not influence the spacecraft
potential. This demonstrates that the satellites were in the
same plasma. Based on this observation it was possible to
identify times when ASPOC on C3 was turned on and reduced
the spacecraft potential, resulting in (Vs � Vp) of approxi-
mately (5–7) V. This made it possible for PEACE tomeasure a
more complete electron spectrum on C3. We can then use
Ne(PEACE) onC3 in combination with (Vs�Vp) onC4 to get
a calibration of Ne(EFW). Figure 7 presents Ne(PEACE) as a
function of Vs � Vp with emphasis on events providing cali-
brations in a tenuous plasma. The red line has a starting value
of Ne(EFW) for (Vs � Vp) = 30 V based on the plasma sheet
calibration for 2003/2004 in Figure 6.
[27] The black dots and black line, drawn in Figure 7, are

derived from a calibration in the northern plasma sheet

Figure 5. The red curve is the (0–105) nm, and the blue curve the (0–7) nm solar EUV radiation for
January–March 2003. Iphs = Ies � I+s for (Vs�Vp) = (7 � 5) V is presented for 25 solar wind events
when Iphs could be determined based onWHISPERmeasurements. This demonstrates that Iphs is controlled
by the solar EUV radiation.

Figure 6. The color scatterplots show Iphs as a function of (Vs�Vp) from calibrations with PEACE and CIS in the plasma
sheet and plasma sheet boundary layer for the years 2001 to 2006. The blue, red and black lines are calculated values of
Ie versus (Vs�Vp) based on equations (2) and (3), for selected values of Ne and Ve. Observe that a spacecraft at 30 V
near solar maximumwill, for the same plasma conditions, be at approximately 20 V near solar minimum. Electron densities as
a function of (Vs�Vp) can be estimated from the crossings of scatterplots and colored lines. Iphs for (Vs�Vp) = (6–8) V, based
on calibrations in the solar wind, are slightly lower than plasma sheet Iphs values for the same values of (Vs�Vp).
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Figure 6
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boundary layer and lobe in 2002, using CIS and PEACE
data (see Figure 10 and related explanations). The starting
point for (Vs � Vp) = 30 V is also in this case taken from
Figure 6.
[28] On 7 September 2006 C1 was in a lobe plasma and

WBD observed a low frequency cut-off which could be used
to determine the electron density, Ne = 0.05 cm�3 [Masson
et al., 2010]. EDI was operating on C1, and I(EDI) =
250 mA pushed (Vs � Vp) to 50 V, but still allowed WBD
wave data to be obtained. A very stable lobe plasma
over time, and the observations of very similar values of
(Vs � Vp) on C2, within 1000 km from C1, and C4 further
out in the lobe, made it possible to conclude that Ne =
0.05 cm�3 for (Vs � Vp) = (35.5 – 36.2)V on C4. PEACE
measured electron mean energies of 170 eV on C2 and
120 eV on C4. The real values are probably lower, and
within the limit for Ne(EFW), because in this case the
PEACE spectrum did not cover energies below approxi-
mately 50 eV. The blue line, starting from Ne 2005/2006 in
Figure 6, and connecting to the WBD calibration near 36 V,
provides a calibration of Ne(EFW) for (Vs � Vp) above 30 V
for 2006.

7. Ne(EFW) on Cluster C4 as a Function of Vs-Vp

From 2001 to 2006

[29] Crossings of the calculated values of Ies, and Iphs from
plasma sheet calibrations (Figure 6) are used to construct
relations between the measured potential, (Vs � Vp) and

Ne = Ne(EFW). The result is presented in Figure 8 as a
series of exponential functions covering certain (Vs � Vp)
ranges for three periods 2001/2002, 2003/2004 and 2005/
2006. Ne(EFW) for the years 2007/2008/2009 is presented
in Figure 8 based on the finding that, for a given value of
(Vs � Vp), Ne(EFW) changes in proportion to EUV solar
radiation. The exponential functions are given in Appendix
A. Averages over two, respectively three years are pre-
sented because of the relatively small changes within these
periods, and considering the uncertainties of the method.
[30] The uncertainty of Ne(EFW) estimates, based on

Figure 6, is determined by the spread of Iphs calibration values
and the differences in calculated Ies values for Ve = 10 V, 50 V
and 100 V. The spread of this parameter is smallest for (Vs �
Vp) between 15 V and 35 V. For low, and particularly for
(Vs � Vp) values above 35 V, the spread of Iphs is higher.
[31] Figure 7 is making use of some rare opportunities to

get Ne data from CIS, PEACE and WBD for (Vs � Vp)
above 30 V. In August 2002 C4 passed from the plasma
sheet boundary layer to the lobe, see Figure 10. Ne(PEACE)
is based on an electron spectrum starting at a few eV, and
shows very good agreement with N+(CIS) based on ion
energies high enough not to be retarded by the spacecraft.
This data set has also been used to determine Ne(EFW),
2001/2002 for high spacecraft potentials in Figure 8. The
only possibility to get the same information for high space-
craft potentials is to shift Ne(EFW) in proportion to solar
EUV for the following years. One check on this procedure
is provided by Ne(WBD) in the lobe in 2006. This

Figure 7. In the autumn of 2003 all Cluster spacecraft were separated by a few hundred km in the cusp-
polar cap, and often all spacecraft showed near identical values of (Vs�Vp), indicating that all were in the
same plasma. This opened for the possibility to get Ne based on PEACE full spectrum measurements dur-
ing ASPOC operations on C3, and at the same time get (Vs�Vp) from C4 with no ASPOC operations. The
red dots are the result of such measurements during selected periods. The black dots are from a particular
event in the lobe in 2002. See Figure 10 and related text. The small square near (Vs�Vp) = 36 V is a WBD
determination of Ne from a measurement of a cut-off frequency in 2006. The red, black and blue lines are
starting at (Vs�Vp) = 30 V from Ne values in Figure 6.
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observation fits in nicely with the Ne(EFW), 2005/2006
curve for (Vs � Vp) above 35 V.
[32] We have chosen to present Ne(EFW), accepting

spread caused by solar rotation variations of Iphs. It may be
possible, but not practical, to reduce the uncertainties by an
analysis like the one done for Figure 5. Another possibility is
to show different Ne(EFW) curves for different values of Ve.
However, this requires accurate knowledge of the electron
mean energy. We have chosen to have an independent esti-
mate of the electron density, and show “error bars” for a
spread of Ve in the range (10–100) V. Ne(EFW) error bars
are approximately �20% for (Vs � Vp) up to (30–35) V,
based on Figure 6. The more uncertain estimates at higher
potentials, based on Figures 6 and 7, leads to somewhat
higher error bars which are difficult to quantify.

8. Comparing Iphs and EUV Solar Radiation
During the Solar Cycle

[33] Figure 9 shows the average magnitude and the vari-
ation of the EUV solar radiation in the (0–105) nm wave-
length range from near solar maximum to solar minimum.
Variations with the solar rotation period are pronounced near
solar maximum, as can be seen in Figure 3. This means that
there can be differences between EUV in the January–March
period, where WHISPER solar wind calibrations can be
done, and EUV in August–September when PEACE cali-
brations can be carried out. This is more a concern near solar
maximum than for the years near solar minimum, when solar
EUV is fairly steady throughout the year.

[34] In order to compare the EUV radiation and PEACE
calibration we choose Iphs(plasma sheet) from Figure 6 for
(Vs � Vp) = 20 V, which is in the middle of the best range
for the Ne(EFW) method. Solar EUV and Iphs drop with
slightly more than a factor 2 from solar maximum to solar
minimum. This is more than the drop of Lyman alpha radi-
ation reported by Brace et al. [1988].
[35] The reduction of Iphs(plasma sheet) from 2004 to

2005 is larger than the earlier reductions from year to year.
The reason may be that the limited numbers of suitable
calibration events in 2005 had low EUV levels.

9. Ne(EFW), Ne(WHISPER), Ne(PEACE), and
N+(CIS) in the Lobe, Cusp, and Polar Cap

[36] Figure 10 shows data from the magnetotail when C4
passed from the plasma sheet with mean electron energies
near 400 eV, to the boundary layer with increased density
and reduced electron energies. PEACE measured a spectrum
starting at approximately 5 eV, and CIS measured ions at
energies not influenced by spacecraft potential shielding.
Between 14:23 UT and 14:43 UT, Ne(PEACE) and N+(CIS)
provides a calibration of Ne(EFW) for 2001/2002 for a wide
range of (Vs � Vp). This calibration shows good agreement
with the plasma sheet calibration in Figure 6 up to (Vs � Vp)
values of approximately 35 V, and in addition provides
new calibrations for higher spacecraft potentials. Between
14:43 UT and 14:48 UT, the ion energy dropped so that the
spacecraft potential hindered good CIS measurements.
[37] The high plasma density in the boundary layer, shown

in Figure 10, is observed for a plasma sheet compression, but

Figure 8. Ne = Ne(EFW) is presented based on data in Figures 6 and 7 for the months of August–
September 2001/2002, 2003/2004 and 2005/2006. Ne(EFW) 2007/2008/2009 has been added on the
basis of the finding that variations of Iphs follow variations of the solar EUV radiation. The error bars
marked on the red curve for 2003/2004 are nearly the same for the other periods. Error bars include
spread of the photoelectron escape current due to solar EUV variations during solar rotations, and
spread due to the range of Ve of (10–100) V used in calculating Ies = Iphs.
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is not observed in connection with plasma sheet expansion
and the rapid passage of C4 into the plasma sheet. The
plasma density gradient, from the boundary layer to the
electron density minimum of 0.02 cm�3 in the lobe, provides
an input to future studies of plasma sheet-lobe dynamics.
[38] A comparison of Ne(EFW) and Ne(PEACE) could be

carried out in 2001 for a longer period in a polar cap – lobe
plasma at distances of (13–14) RE. Figure 11 presents data
for a special situation when ASPOC is controlling (Vs �
V0s) to be near 5 V on C3 and C4. Ne(EFW) could be
obtained from C1 where ASPOC was not operating. The
spacecraft potentials on all satellites were very close to each
other before and after ASPOC operations. This indicates that
the plasma density was nearly the same on all satellites.
Before ASPOC on C3 is turned on, at 11:30 UT, PEACE
measured a density of approximately half of Ne(EFW) and a
mean energy of approximately 100 eV. There is a fair
agreement between Ne(EFW) on C1 and Ne(PEACE) on C3
after ASPOC turn-on C3, resulting in PEACE measuring a
more complete spectrum with mean electron energies of
(30–40) eV.
[39] Figure 12 shows electron density estimates from

EFW, and electron density measurements by WHISPER, for
a passage of C4 from the northern cusp, over the polar cap to
the plasma sheet boundary layer, on the 2 August 2005. This
provides a good opportunity to check Ne(EFW) in the cusp-
polar cap. There is very good agreement between Ne(EFW)
and Ne(WHISPER) for electron densities above 0.3 cm�3,
between 03:30 UT and 05:30 UT. Later the difference
between EFW and WHISPER increases as Ne goes to
smaller values below 0.2 cm�3. This is a topic for further
studies.
[40] It is obvious that PEACE in this case underestimates

Ne in the polar cap because the measured spectrum does not
cover lower energies. N+(CIS) could in this case not be
measured in the polar cap. The reason must be that ions had

low energies and were reflected by the positive potential of
the spacecraft.
[41] However, PEACE and CIS are good references for

Ne(EFW) when the full distributions of higher energy elec-
trons and ions were observed in the plasma sheet boundary
layer after 08:00 UT. Ne(EFW) is in fair agreement with
Ne(PEACE) for electron mean energies up to 100 eV. For
higher electron energies of 200–300 eV Ne(EFW) has an
overestimate of approximately 50% with reference to
Ne(PEACE) and Ne(CIS). This demonstrates the electron
energy limit for good Ne(EFW) estimates.

10. Ne(EFW) on C1, C2, and C3

[42] The Ne(EFW) method has been calibrated with
PEACE and CIS(CODIF) data from C4 in the plasma sheet
and its boundaries. One reason for this choice is the non-
operation of EDI on C4. A more serious consideration is the
start in 2005 of a gradual development of less positive
potentials on the other three satellites when all satellites were
in the same steady uniform plasma. This is particularly the
case for C3. By 2010 C3 was (8–10)V less positive than C4
at (35–40)V. Furthermore (Vs � Vp) on C3 has developed a
sinus-like variation at twice the spin frequency with a peak-
to-peak variation of 4 V. This difference between C3 and C4
disappears in a more dense plasma when (Vs � Vp) is in the
range (10–15) V. There is a similar development on C1 and
C2 in comparison with C4. However, this amounts to only
(1–2) V at high positive potentials.
[43] Early observations in 2001–2002 showed that all

Cluster satellites have sinus-like variations at twice the spin
frequency with peak-to-peak amplitudes of (0.5–1.0) V
when Vs � Vp is in the range (10–20) V. A likely explana-
tion is that a maximum sunlit area of the two short booms
(�0.6 m2) will occur twice per spin. This area is larger than
the sunlit area of the four long booms, which will have a
maximum of approximately 0.28 m2 four times per spin

Figure 9. Solar EUV radiation and Iphs show very similar reductions from near solar maximum to solar
minimum.
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when the booms are at 45° and 135° relative to the direction
to the Sun, and a minimum of approximately 0.2 m2 in
between. For (Vs � Vp) in the range (30–40) V, a sinus-like
signal at four times the spin frequency, and with peak-to-
peak amplitudes of (1–2) V, was observed. The outer tips of
the long booms have a 1.5 m long section biased at �6 V
relative to the probes, acting as guards stopping boom tip
photoelectrons from reaching the probes. Each guard will
have a photoelectron emission of approximately 0.1 mA for
full solar illumination. Most of these photoelectrons will be
attracted back to the spacecraft for very positive potentials.
However, a very small fraction may escape to ambient
plasma and cause the four times per spin variation, and may
also be a small part of Iphs at very high spacecraft potentials.
[44] It should be noted that the described spacecraft

potential variations do not influence the electric field mea-
surements, which are based on the common mode rejection
of the spacecraft potential in the double probe electronics.
[45] Vs is the potential of metal structure which in turn is

connected to the conductive coating on the solar cell panels.
A large reduction of the spacecraft potential on C3, and
smaller reductions on C1 and C2 compared to C4, were

observed after 2005. This may have been caused by loss of
surface conductivity of the solar cell coating. Part of the solar
cells in shadow will have a smaller positive potential than the
rest of the satellite because of absence of photoelectron
emission and reduced conductance to other surfaces. This
may influence Vs and the measured parameter (Vs � Vp). So
far no full explanation has been found for this observation.

11. Summary and Conclusions

[46] Electric field measurements on the Cluster satellites,
during a major part of the last solar cycle, have made it pos-
sible to determine the potential of the spacecraft and to use
this information for electron density estimates in tenuous
magnetospheric plasmas. Data from the Cluster electron and
ion experiments, and the active wave experiment, WHISPER,
and the passive wave experiment WBD, have been used for
calibrations of this method. The use of calibrated data from
the Cluster Active Archive has greatly facilitated this work.
[47] It was established, from early observations in the

magnetosphere, that a spacecraft would be at a positive
potential as a consequence of the current balance between

Figure 10. A passage of C4 from the plasma sheet to the boundary layer, and further to the lobe, provides
a good opportunity to obtain a calibration of Ne(EFW). PEACE measurements of Ne are based on a com-
plete electron energy spectrum, and the mean electron energy (gray curve in upper panel) is just below
50 eV. The CIS ion measurements are based on relatively energetic ions that could reach Cluster without
significant retardation near the spacecraft. This condition does not hold shortly before reentry to the
plasma sheet. N+(CIS) and Ne(PEACE) are in agreement for the rest of the time in the boundary layer
and the lobe. Ne(EFW) is calculated from the exponential functions in Appendix A. The lower panel gives
(Vs�Vp), as well as (Vs�V0s), the estimated potential between the spacecraft and the plasma at distances
beyond spacecraft potential influence.
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photoelectrons escaping from the spacecraft, and collected
ambient electrons. Many papers have been published,
describing the use of spacecraft potential measurements for
estimating the electron densities. However, variations of
photoelectron emission in such estimates were first included
in a publication by Pedersen et al. [2008]. The present
paper, with more data covering the solar cycle, and avail-
ability of EUV data from the TIMED satellite, has made it
possible to further develop this method and show that the
Ne(EFW) method must include changes of photoelectron
emission during the whole solar cycle.
[48] The Ne(EFW) method can only be applied for a

plasma with a Debye length much larger than the spacecraft.
Then it is possible to approximate the electron collection of
Cluster with a positive sphere, having a surface area of 25
m2. Calibrations of the method in the plasma sheet with data
from the electron experiment, PEACE, and the ion experi-
ment, CIS, show that the reduction of photoelectrons from
solar maximum to solar minimum will result in a reduction
of spacecraft potential for the same plasma conditions. A
spacecraft at a potential of 30 V near solar maximum will,
for the same plasma conditions, be at a potential of
approximately 20 V near solar minimum.

[49] Ne(EFW) is derived from Figure 6, by taking average
values of crossings between Iphs from calibrations in the
plasma sheet and its boundaries, and calculated values of the
collected electron current, Ies, for different values of Ne and
covering a (10–100) eV electron energy range. The best
values are obtained for spacecraft potentials between 20 V
and 40 V, corresponding to Vs � Vp values of approximately
(15–30) V. Ne(EFW) for lower spacecraft potentials will
have larger error bars because of the separations of calcu-
lated Ies curves for Ve = 10 V, 50 V and 100 V. We consider
that the WHISPER calibrations in the solar wind, free from
secondary electrons, are the best calibration for small
spacecraft potentials. Measurements of Ne(PEACE) on C3
with ASPOC operating, and simultaneous measurements of
(Vs � Vp) on C1 or C4 in the same plasma, has made it
possible for a few selected events to calibrate Ne(EFW) for
(Vs � Vp) values above 35 V. A similar fortuitous oppor-
tunity for calibration was obtained in the plasma sheet
boundary layer and the adjacent lobe when PEACE on C4
measured a complete electron spectrum, and Ne and N+ were
in perfect agreement.
[50] Estimates of Ne by EFW in the lobes and the plasma

sheet boundary layers are based on good calibrations, and

Figure 11. Another opportunity to test Ne(EFW) in a tenuous polar cap – lobe plasma appeared when
ASPOC controlled C3 and C4 to be at a potential relative to the ambient plasma of less than 10 V. PEACE
could then measure a more complete electron spectrum. C1 had no ASPOC operation. The Cluster satel-
lites were at (13–14) RE, and all had nearly identical values of (Vs�Vp) before and after ASPOC being
active on C3. This indicates that all satellites were in the same plasma during the time period presented,
and it is possible to demonstrate agreement between Ne(EFW) on C1 and Ne(PEACE) on C3.
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are useful for situations where PEACE measurements do not
cover the lower part of the electron energy spectrum. The
same can be said about EFW in a cusp plasma because of the
good agreement between EFW and WHISPER as a solid
calibration source when using active sounding. The situation
is more uncertain in a less dense cusp-polar cap plasma. The
difference between Ne(EFW) and Ne from WHISPER pas-
sive wave data requires further investigations.
[51] The version of Ne(EFW), published by Pedersen

et al. [2008] has been used in publications dealing with
studies of plasma densities in the lobes [Svenes et al., 2008;

Haaland et al., 2009]. Ne(EFW) in this paper is based on
Cluster Active Archive data for calibration of the method
and covers a longer period of the solar cycle.

Appendix A

[52] For 2007/2008/2009 the (0–105) nm solar radiation
had decreased. To obtain Ne(EFW), each constant A for
intervals of Vs � Vp in 2005/2006 must be multiplied with
0.8 (Table A1).
[53] For 2010 the (0–105) nm solar radiation had a small

increase. To obtain Ne(EFW), each constant A for intervals
of Vs � Vp in 2005/2006 must be multiplied with 0.9.
[54] The above formulas cannot be applied when the

spacecraft potential is reduced by ASPOC ion emission, and
when EDI electron emission exceeds 80 nA on C1, C2 and
C3. EDI does not operate on C4.
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