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ABSTRACT

Measurements of the double probe instrument can
be used for monitoring the variation of the space-
craft potential Vs in tenuous plasmas where the satel-
lite usually floats at a positive potential. This study
deals with the Vs variation of the Polar satellite in the
magnetosphere, using three and half years of data in
1996–99. The observations are binned with the Kp
index in order to investigate how the level of geomag-
netic activity affects the average surface potential.
Two different antenna baselines are used, 6 and 60
meters, which both can be used for monitoring the
spacecraft potential. In a low-density environment,
however, the short antenna measurements are more
influenced by the charging sheath of the satellite,
but the data are nevertheless qualitatively useful. In
burst mode the sampling rate of the double probe
experiment is 1–8 kHz, and then very fast spacecraft
potential variations can be monitored. Typically Vs
varies between 0 and 50 volts so that in the plasma-
sphere it is 0–1 volt, at the plasmapause it exhibits
a steep increase by 3–5 volts, and outside the plas-
masphere Vs is more than 5 volts. Highest Vs’s occur
in the high-altitude (> 4 RE) polar cap, where Vs is
usually between 20 and 30 volts, and on auroral field
lines where it frequently lies in the 30–50 volts range
and occasionally above 50 volts.

1. INTRODUCTION

The surface charging of a body (e.g., space vehicle,
instrument, astronaut etc.), immersed in a plasma,
is associated with a variety of issues that can some-
times be harmful to the body. On the technical side,
the consequences of charging are numerous, including
such effects as electrostatic fields, induced currents,
optical emissions, and changes in surface, thermal
and optical properties (for a more complete list and
analysis, see e.g. Hastings and Garrett [1996]). Fur-
thermore, the variation of the spacecraft potential
can significantly affect the measurements of many
field and particle instruments (see papers in Peder-
sen et al. [1983]), and therefore the calibrations of
such measurements require an accurate knowledge of
the spacecraft potential. One of the simplest ways of
determining it with a high time resolution is to use
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Figure 1. Configuration of a double probe instrument,
consisting of two spherical probes at the tips of two op-
posing booms. A bias current is driven from the probes to
the satellite. Both V1 − Vs and V2 − Vs are measured.

observations of a double probe instrument. Unfor-
tunately this instrument can monitor only positive
potentials of the satellite, but fortunately the mag-
netospheric satellites float at positive potentials for
most of the time. Thus, this paper deals with the
positive charging of a high-altitude spacecraft only.

The double probe instrument, consisting of two iden-
tical conducting electrodes (see Figure 1), monitor
potential differences between each probe (V1 and V2)
and the spacecraft (floating at Vs) [Pedersen et al.,
1998]. In tenuous plasmas, ∆V1s = V1−Vs as well as
∆V2s = V2 − Vs are large and negative because Vs is
large and positive, and V1 and V2 are in the 0–2 volts
range because of the bias current Ib driven from the
probes to the satellite [Pedersen et al., 1984]. In or-
der to diminish the effects of the spacecraft charging
sheath, the probes are placed as far as possible from
the satellite; for the magnetospheric satellites, typi-
cal distances are 20–60 meters so that L ∼ 40–120
meters (see Figure 1). A typical probe diameter is
8–12 cm.

In this paper we utilize the double probe technique
for monitoring the surface potential of the Polar
satellite. It is a polar-orbiting satellite, launched
on February 24, 1996, with a 90◦ inclination, a 9
RE apogee over the northern hemisphere, a 1.8 RE
perigee over the southern hemisphere, and an 18-hour
orbital period. The Polar EFI experiment [Harvey et
al., 1996] consists of three pairs of double probe an-
tennas oriented perpendicular to each other; the po-
tential difference between each sensor and the satel-
lite is measured. On Polar the sampling rate is nor-
mally 20–40 s−1, but in burst mode it is 1800–8000
s−1.
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In section 2 we briefly review some basic aspects of
the double probe instrument, emphasizing the bene-
fits of the bias current and the importance of the pho-
toelectron energy distribution to the measurements.
Section 3 shows a typical daily variation of the space-
craft potential when the satellite encounters a num-
ber of different magnetospheric regions along its or-
bit. Section 4 presents the average surface potential
of the Polar satellite in the magnetosphere, using 48
months of measurements from 1996–99; the data are
binned with the Kp index.

2. DOUBLE PROBE TECHNIQUE

The understanding of the double probe measure-
ments requires some knowledge about the surface
charging of the probes and the satellite. In tenuous
plasmas, where the floating potential is positive with
respect to the ambient plasma, the major current
terms affecting the surface potential are the ambi-
ent electron current Ie and the photoelectron current
Iph. Both the ion current and the secondary emission
current are usually small with respect to Iph and can
therefore be ignored.

In a low-density plasma, the accurate electric field
measurements require the use of an artificial bias cur-
rent Ib driven from the probes to the satellite [Ped-
ersen et al., 1984]. The bias current, usually 100–
300 nA, is, however, negligible to the satellite po-
tential; for reference, Iph ∼ 100,000 nA and Ie ∼
1,000–100,000 nA for the satellites. Thus, the cur-
rent balance equation is Ie − Iph = 0 for the satellite
and Ie + Ib − Iph = 0 for the probe.

2.1. Bias current

The main reason for the use of a bias current is to per-
form accurate electric field measurements in tenous
plasma environments. This is illustrated by Figure 2,
where the solid line shows the photoelectron current
Iph emitted from a spherical body plotted against
the surface potential, and the dotted line represents
the electron current Ie collected by the body. With-
out a bias current, the body floats at potential V0
where Iph − Ie = 0, and then a small current fluc-
tuation ∆Ie in the ambient electron flux can gener-
ate a large floating potential fluctuation ∆V . If the
probes of a double probe antenna suffer from such
potential oscilations, electric field measurements be-
come inaccurate (for details on the ∆V vs. ∆Ie
relationship, see Laakso et al. [1995]). Driving a
bias current Ib from the probe to the satellite (see a
dashed line), the probe assumes a potential V1 where
Iph − Ie − Ib = 0. Now the same current fluctuation
causes a much smaller potential fluctuation, and the
electric field measurements are no more affected by
the plasma density variations.

Another benefit of using bias current is the possibil-
ity for monitoring the satellite potential. Figure 2
shows that if the ambient electron current Ie0 varies
(as it does in the magnetosphere), V0 (equal to the
satellite potential Vs) changes accordingly while V1
(probe potential) remains constant because Ib is usu-
ally one or two orders of magnitude larger than Ie0.
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Figure 2. Currents affecting the surface potential in a
tenuous plasma plotted against the surface potential.

Therefore the potential difference ∆V1s = V1 − Vs
serves as a good estimate of the spacecraft potential.

2.2. Photoelectron current

Solar EUV radiation produces a fairly intense photo-
electron current from the surface immersed in space.
The current intensity is influenced by several factors,
like solar activity and atmospheric density [Brace et
al., 1988]. Far above the atmosphere, all the surfaces
tend to emit more photoelectrons than expected on
the basis of laboratory measurements; the photoelec-
tron current density can exceed 8 nA cm−2 at 1 AU
although in the laboratory the same surface yields
only 1–3 nA cm−2 [Pedersen, 1995].

Numerical results show that in low-density plasmas,
∆V1s and Ne are related to each other in a way
which depends on the photoelectron energy distribu-
tion produced by solar UV radiation [Pedersen, 1995;
Escoubet et al., 1998; Scudder et al., 1999]. The solar
UV spectrum is dominated by Ly-α radiation and
a wide continuum at 50–110 nm. For ∆V1s > –8
volts (i.e., the plasma density is above ∼1 cm−3), the
surface potential variation is controlled by escaping
1–2 eV photoelectrons generated by Ly-α radiation,
and for ∆V1s < –10 volts, the potential variation is
controlled by escaping energetic photoelectrons (5–
15 eV) generated by soft X-rays and EUV radiation
(i.e., below 110 nm) [Laakso and Pedersen, 1994].

2.3. Comparison of short- and long-boom
measurements

The sensors of the double probe experiment are
placed as far as possible from the spacecraft in order
to avoid disturbing effects of the spacecraft charging
sheath. On the Polar satellite, the probes (sensors
1–4) in the spin plane are at the tips of 50–65 m wire
booms [Harvey et al., 1996]. Along the spin axis, solid,
shorter booms have to be used; on Polar, sensors 5
and 6 are only 6 meters from the satellite structure.
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Figure 3. ∆V5s plotted against ∆V1s using Polar mea-
surements on May 26, 1996. The dashed line repre-
sents the case where both sensors are outside the charging
sheath of the satellite and therefore measure the same po-
tential difference.

Figure 3 presents the spacecraft potential measured
with probe 1 against that measured with probe 5.
When the sensors are outside the charging sheath of
the satellite, the measurements with long and short
booms are identical, and the data points should fol-
low the dashed line in Figure 3. This is valid for
∆V5s > −3 volts, whereas for ∆V5s < −3 volts the
diversion from the ideal situation appears. This is be-
cause for decreasing density, the spacecraft potential
and the Debye length increase, and then, a short-
boom sensor becomes more and more influenced by
the satellite electrostatic field. Because of a positive
spacecraft potential, ∆V5s is less than ∆V1s measured
by probe 1 which is located ten times farther from the
spacecraft than probe 5. Notice that observations of
probe 5 are still applicable for qualitative monitor-
ing of the spacecraft potential variation, although the
values are not directly the spacecraft potential.

3. SPACECRAFT POTENTIAL VARIATION OF
THE POLAR SATELLITE

3.1. Daily variation of the spacecraft potential

Figure 4 displays a Polar orbit plotted over a sketch
of the Earth’s magnetosphere in the noon-midnight
meridional plane. The thick line represents the orbit
on May 2–3, 1996; the numbers indicate the UT times
of the satellite positions. Figure 5 shows the space-
craft potential variation along that orbit. The regions
encountered by Polar during the orbit are marked on
the top of the figure. The ambient plasma density
and the spacecraft potential are inversely related so
that the spacecraft potential increases with decreas-
ing density.

In the plasmasphere, Vs is less than 1 volt, and at
the outbound crossing of the plasmapause near 17
UT, it suddenly increases by several volts. At 18:15–
19:15 UT, Vs appears fluctuating when the satellite
encounters the cusp region of the Earth’s magneto-

plasma sheet

magnetosheathbo
w sh

oc
k

cusp

cusp

plasma-
sphere

magnetopause

17
7

19 5

21
1

9

3
23

lobe

lobe

plasma-
pause

polar c
ap

polar cap

Figure 4. Sketch of the magnetosphere. The solid thick
line presents a Polar orbit on May 2–3, 1996, and num-
bers give the UT times of the satellite’s positions.

sphere. The cusp is, in fact, the local minimum of Vs
near 18:30 UT; this is the region where the solar wind
can easily enter into the Earth’s environment, caus-
ing a local enhancement of the plasma density and a
decrease of Vs. At the equatorward and poleward side
of the cusp there are the low-latitude boundary layer
and the plasma mantle [Lundin, 1988], respectively,
where the plasma density is significantly lower than
in the cusp, causing local enhancements of Vs. As
a result, Vs appears fluctuating, when the spacecraft
crosses these regions. At 19:30 UT, the spacecraft en-
ters the high-altitude polar cap region over the north-
ern hemiphere, where Vs is usually more than +20
volts; over the southern hemisphere, at ∼ 1 RE alti-
tude near 09 UT, Vs is only a fraction of that. Figure
5 also contains an encounter with the auroral zone (a
region which maps into the plasma sheet in the mag-
netotail) at 06:00–06:30 UT; highest voltages along
a Polar orbit, occasionally in the 50–70 volts range,
are usually detected in this region.

3.2. Rapid spacecraft potential variations

The spacecraft potential and the ambient electron
density are closely related to each other in tenuous
plasma [Laakso and Pedersen, 1998]. Since the charg-
ing times of a conducting body can be significantly
less than 1 ms, rapid density fluctuations can cause
similar variations in the spacecraft potential. Fig-
ure 6 shows a typical example of such an event when
Polar crosses the southern auroral oval on May 25,
1996. During the event, the instrument was in burst
mode, sampling the satellite potential at a rate of
1600 s−1. Significant variations, such as 10 volts in
half a second, are common on auroral regions. Rapid
small-scale oscillations visible in Figure 6 correspond
to rates of 100–200 volts per second. However, these
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Figure 6. Fast variations of the spacecraft potential at the
southern auroral oval on May 25, 1996.

variations usually last only a fraction of second, and
therefore total Vs changes lie in the 1–20 volts range.
These fluctuations are likely spatial because of a large
satellite velocity and the small size of the oval at
1.1 RE altitude.

4. STATISTICAL RESULTS

Figure 7 presents the average spacecraft potential of
the Polar satellite at the magnetic equator in the in-
ner magnetosphere, using measurements from April
1, 1996, to December 31, 1999. The bottom figure is
for quiet periods (Kp = 0−0+), and the top figure is
for disturbed periods (Kp≥ 3−). Because of a strong
altitude dependence of the spacecraft potential, only
measurements from the northern hemisphere are used
here. In both panels the circles are at 4 and 6 RE ,
the sun is to the left, the magnetotail to the right, the
dawnside upward and the duskside downward. The
color scale shown on the top of the figure ranges from
1 to 20 volts.

In Figure 7 the plasmasphere appears as dark blue
color and it expands with decreasing Kp, as is known

on the basis of numerous plasmasphere studies [e.g.,
Carpenter and Anderson, 1992]. As this effect is most
pronounced on the nightside, it may quite safely be
suspected that this is due to the effect of the increas-
ing convection electric field during disturbed condi-
tions, which is ultimately driven by the solar wind
[Wolf and Spiro, 1997]. According to the figure, the
spacecraft potential is lower, or correspondingly the
plasma density is higher, on the dayside than on the
nightside at the same L shells. In the trough region
beyond the plasmapause [Gallagher et al., 1998], the
average Vs is 7–8 volts on the dayside and 10–20 volts
on the nightside.

Next we analyze briefly the average density at L =
6.6, corresponding to the geosynchronous orbit at
the equator. Figure 8 displays the average density
against magnetic local time for three Kp ranges; the
densities have been derived from ∆V1s measurements
using the relationship given by Scudder et al. [1999].
Note that Polar does not usually cross the geosta-
tionary orbit but its footprint maps to that orbit
when the spacecraft’s magnetic latitude is about 0–
30◦; one can quite safely assume that the density does
not change significantly between the equator and 30◦
latitude, and therefore the results are applicable to
geosynchronous satellites.

According to the figure, the density decreases at
the geosynchronous distance with increasing Kp, and
particularly large density variations appear in the
premidnight sector, where the density gradient be-
comes steeper with increasing Kp (see 18–23 MLT).
In the postmidnight sector, the densities can also
vary quite significantly, especially during low Kp.
Large density enhancements in the postmidnight sec-
tor could be caused by the expansion of the plasma-
sphere or by detached plasmaspheric plasma regions
[Chappell, 1974], or plume-type plasmaspheric struc-
tures [Ober et al., 1997].
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Figure 7. Average spacecraft potential (April 1, 1996 – December 31, 1999) in the equatorial magnetosphere; the upper
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5. SUMMARY

The double probe antenna measures the potential dif-
ference between a probe and the satellite. Such mea-
surements can be utilized for monitoring the varia-
tion of the spacecraft potential are biased near the
ambient plasma potential. A short antenna baseline
(with respect to the Debye length) reduces these sen-
sitivity of the measurements, and the measured po-
tential difference is not readily usable as the space-
craft potential. However, such data are nevertheless
useful for qualitative monitoring of the spacecraft po-
tential variation.

On the Polar satellite the spacecraft potential Vs can
be sampled at a very high frequency. Over the auro-
ral region, large and rapid fluctuations, such as 100–
200 volts per second, are observed. Usually a fluc-
tuation lasts only a fraction of the second, causing a
total potential change of 10–20 volts. In the magne-
tosphere Vs varies between 0 and 50 volts for most of
the time so that in the plasmasphere it is 0–1 volt,
at the plasmapause it exhibits a steep increase by 3–
5 volts, and outside the plasmasphere Vs is usually
more than 5 volts so that its average value is 7–8
volts on the dayside and 10–20 volts on the night-
side. Highest Vs’s occur in the high-altitude (> 4 RE
altitude) polar cap, where Vs is usually between 20
and 30 volts, and on auroral field lines where Vs is
frequently in the 30–50 volts range both at 1 RE alti-
tude (southern oval) and at 3–6 RE altitudes (north-
ern oval) and occasionally above 50 volts.
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