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Abstract. The satellite INTERBALL-2 has an orbit
with high inclination (62.8°), covering the altitude range
between a few hundred and about 20000 km. The
ambient plasma conditions along this orbit are highly
variable, and the interactions of this plasma with the
spacecraft body as well as the photo-electron sheath
around it are considered to be interesting topics for
detailed studies. The electric potential of the spacecraft
with respect to the ambient plasma that develops as a
result of the current equilibrium reacts sensitively to
variations of the boundary conditions. The measure-
ment and eventual control of this potential is a
prerequisite for accurate measurements of the thermal
plasma. We describe the purpose and technical imple-
mentation of an ion emitter instrument on-board
INTERBALL-2 utilising ion beams at energies of
several thousand electron volts in order to reduce and
stabilise the positive spacecraft potential. First results of
the active ion beam experiments, and other measures
taken on INTERBALL-2 to reduce charging are
presented. Furthermore, the approach and initial steps
of modelling e�orts of the sheath in the vicinity of the
INTERBALL-2 spacecraft are described together with
some estimates on the resulting spacecraft potential, and
e�ects on thermal ion measurements. It is concluded
that even moderate spacecraft potentials as are com-
monly observed on-board INTERBALL-2 can signi®-
cantly distort the measurements of ion distribution
functions, especially in the presence of strongly aniso-
tropic distributions.

Key words. Space plasma physics (active perturbation
experiments; spacecraft sheaths, wakes, charging;
instruments and techniques).

1 Introduction

The determination of the electric potential of a space-
craft with respect to the ambient plasma and the three-
dimensional distribution of the potential around the
spacecraft, its in¯uence on the on-board plasma mea-
surements, and the eventual control of the potential are
long-standing problems in experimental space plasma
physics. The problems arise again for each new high-
altitude satellite for magnetospheric research due to
di�erences in the shape of the spacecraft, the plasma
detectors' ®elds of view, and ambient plasma character-
istics. The problem of disturbed particle distribution
functions at low energy nearly always appears for a
sunlit satellite outside the plasmasphere. The resulting
measurements are, at best, distorted or have gaps for
species being repelled by the potential well. Recent
progress in the construction of actively controlled ion
sources, for example that operating on the GEOTAIL
spacecraft over several years (Schmidt et al., 1995) has
opened a new endeavour in approaching this old
problem. An ion beam emitter instrument called RON
AC-004 with similar capabilities was installed on the
satellite INTERBALL-2. A brief description of this
instrument and its in-¯ight operations is given in Sect. 3.
The generated current modi®es the equilibrium condi-
tions and decreases the positive spacecraft potential,
thus extending downwards the energy range of reliable
thermal plasma measurements.
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While early failures of the high-voltage generators
prevented the ful®lment of the detailed measurement
program and speci®c experiments planned with ion
beam modulation, some interesting measurements span-
ning more than three months of operations in various
plasma environments were obtained and are being
analysed. The interest in these controlled ion beam
injections, the related plasma measurements and the
models of the three-dimensional electric ®eld distribu-
tion around the spacecraft is justi®ed because of their
importance for the interpretation of the on-board
thermal plasma measurements, but it is also due to the
fact that for the ®rst time such measurements have been
made on-board a high-altitude spacecraft with very
large areas both sunlit and non-sunlit in a period of very
low solar activity. It can be assumed that low ¯uxes of
solar X-rays and EUV may result in a reduced produc-
tion of high-energy photo-electrons at the surface of the
spacecraft (mostly from the solar panels coated with
indium oxide). Signi®cant variations of the photo-
emission related to solar rotation and solar cycle (nearly
a factor of two) have been derived from the Pioneer
Venus Langmuir probe by Brace et al. (1988). Energetic
photo-electrons (5 to 15 eV) generated by soft X-rays
and EUV radiation have been identi®ed to contribute to
photo-emission in space by Laakso and Pedersen (1994)
and by Pedersen (1995) in a study of electric ®eld probe
data from several satellites. The known dependence of
this radiation on solar activity is consistent with the
observed temporal variability of the photo-emission.
Thus, large positive spacecraft potentials should be rare
under the conditions on INTERBALL-2, which is in
qualitative agreement with the observations.

At the same time the Debye length varies greatly
along the orbit of the satellite, from tens of centimetres
or less to tens of metres or more. For the latter, large
values to a ®rst approximation of a model assuming
in®nite Debye length and neglecting the magnetic ®eld
may be applicable. However, such a simple model is of
questionable value for Debye lengths of the order of the
dimensions of the spacecraft (i.e. from about 1 m to
several metres), if the extending spacecraft structures
such as solar panels, antennas, and booms are taken into
account. We shall consider some results of the modelling
of the three-dimensional electric ®elds (for in®nite
Debye length), and of their e�ects on the measurements
of the thermal ion distribution functions. It will be
shown that, for strongly anisotropic ion distribution
functions, the resulting distortions can prevent a reliable
restitution of the original thermal ion distribution
function, and thus may cause incorrect interpretation
of the data.

Three independent instruments on-board INTER-
BALL-2, namely IESP-2M, KM-7 and ALFA-3, pro-
vide data from which spacecraft potential can be
derived. They have di�erent locations on the booms of
the spacecraft and, hence, di�erent positions within or
outside the sheath around the spacecraft body. The
methods of evaluating the spacecraft potential di�er as
well. Considerable work lies ahead to analyse and
compare these data and suitably adjust the three-

dimensional electric ®eld models. We hope this e�ort
will support the interpretation of the thermal plasma
data. Here, the approaches used and the ®rst results of
this work are presented.

2 Preparations before launch

2.1 Measures to ensure uniform electric potential
of the outer spacecraft surfaces
including the solar panels

Considering that one of the main goals of the INTER-
BALL-2 mission consists of the investigation of thermal
plasma, appropriate measures have been taken to
achieve optimum performance in this area.

It is obvious that an equipotential surface produces a
minimum of disturbances in the ambient plasma. The
¯oating potential adjusts itself to the average conditions
along the surface, and the electric ®eld near the surface
has a perpendicular component only. Any electrically
isolated patches on the surface may charge to di�erent
electric potentials under the bombardment by energetic
particles. Negative potentials of several keV have been
observed at geostationary orbit, which often results in
potentially dangerous electric discharges. As a second-
ary e�ect, representative modelling of the potential
becomes virtually impossible. To prevent such a case, all
external satellite surfaces, antennas, and booms were
covered by conductive material. Metallised mylar or
conductive paint was employed for all surfaces except
the solar panels, which were subject to special attention.
The solar cells were coated by indium oxide at the front
side. This technique has been applied successfully on
many spacecraft in the past two decades. The panels
were also coated by metallised mylar on the back. As a
result, the electrical resistance between any two points of
the spacecraft surface did not exceed 1 Ohm.

The satellite INTERBALL-2 in ¯ight con®guration
(Fig. 1) has a very complicated structure. This fact
complicates the modelling of the DC electric ®eld
distribution around the satellite, even with equipotential
surfaces.

2.2 AC stray electric and magnetic ®elds
from the solar panels: results of electromagnetic
compatibility measurements at CNES, Toulouse

The solar panels used for the spacecraft were not only
conductively coated, but were also specially designed to
minimise the electric and magnetic ®elds emerging from
the current carrying wiring to the solar cells. These
measures minimised the level of disturbances in the
ambient plasma introduced by the satellite. The result-
ing radiated AC electric and magnetic ®eld levels were
measured in the EMC chamber in CNES, Toulouse. The
electric stray ®eld measured between 20 and 1100 kHz,
measured at 1 m distance, remained below the required
value of »50 dB lV/m by 3 to 20 dB, but notably the
magnetic stray ®elds in the frequency range between 50
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and 250 kHz, measured at the same distance, were
about 60 dB below the requirements of 60 dBnT.

2.3 Static three-dimensional model of the DC electric ®eld
around INTERBALL-2 for in®nite Debye length

As well as pre-¯ight hardware preparations, some
software development had been undertaken, aiming at
a better understanding of particle trajectories in the
electric ®eld around the spacecraft. Near apogee, when
the satellite moves at low velocity in the high-altitude
magnetosphere where the plasma density is relatively
low, the in®nite Debye length approximation for a static
®eld seems to be justi®able. Thus, let us consider such a
three-dimensional model of the DC electric ®eld around
the INTERBALL-2 satellite. The mathematical model
I2 S of the surface of the INTERBALL-2 (Auroral
Probe) satellite includes the following structures:

a. The satellite body, approximated by an equivalent
cylinder

b. The solar panels in realistic dimensions
c. All booms for electric and magnetic sensors
d. Five antennas, 10 m long each, of the POLRAD
experiment

The inner boundary condition was a given spacecraft
potential Vsat, the outer boundary condition was zero
potential at in®nity (in practice, at distances from the
spacecraft larger than about 30 m). With these boun-
dary conditions the multigrid solution of the three-
dimensional Laplace equation for the three-dimensional
potential u

@2u
@x2
� @
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� @
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was found. For in®nite Debye length the shape of the
potential distribution can be scaled to any value of Vsat,
because the electric ®eld is self-similar in units of Vsat, as
seen from the Laplace equation. The details of the
model are described in Zinin et al. (1995).

For the real plasma conditions near the apogee of
INTERBALL-2 (at 15000±20000 km altitude), the plas-

ma density N usually ranges between 1 and 30 cm±3 and
the electron temperature varies, in accordance with N,
between 3000 and 10 000 K. For these conditions the
Debye length D becomes:

D � 0:07

�����������������
T ;K

N ; cmÿ3

s

�
0:7m N � 30 cmÿ3; Te � 3000K

for

7m N � 1 cmÿ3; Te � 10000 K .
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Although the density might occasionally even be as low
as 0.1 cm±3 it is obvious that an in®nite Debye length is
not a good approximation of the typical real situation,
but this assumption is suitable for ®rst order calcula-
tions of ion trajectories near the surface (Section 5).

Some examples of the calculations of the three-
dimensional electric ®eld distribution around INTER-
BALL-2 are shown in Fig. 2: (1) in the plane of the solar
panels (Fig. 2a); and (2) in the plane of ``the spacecraft
meridian'' through the electric ®eld booms (Fig. 2b).

This three-dimensional electric ®eld model was used
for calculations of the ion trajectories in the vicinity of
the spacecraft entering the on-board plasma instruments
for a set of values for Vsat in Sect. 6. Computational
di�culties in this straight-forward approach due to the
complicated inner boundary condition, the spacecraft
surface including solar panels, antennas and booms, are
solved by specially designed multigrid algorithms. How-
ever, for ®nite Debye lengths the situation is much more
di�cult because the structure of the Langmuir sheath
around such a body with long extended elements is not
well understood. In reality, the supersonic motion of the
spacecraft is known to produce various e�ects in the
ambient plasma that modify the Langmuir sheath (see
Alpert et al., 1965), and some of them propagate along
the magnetic ®eld forming ``AlfveÂ n wings''. Kinetic
models of these e�ects begin to appear in the literature
(see for example, Singh et al., 1994), however at this stage
they are still hardly applicable for our primary purpose
of calculating the trajectories and energies of ions
entering the aperture of a plasma instrument. Further
modelling work is in progress in which the outer
boundary of the sheath is specially chosen to be at a
®nite distance for each particular Debye length D.

3 The instrument RON-AC for active potential control

3.1 Purpose of the experiment

The main objective of the spacecraft potential control
experiment (RON-AC) is to neutralise and thereby
stabilise the positive ¯oating potential which a sunlit
spacecraft often acquires. Such conditions in near-Earth
space are met outside the plasmasphere, where the
plasma density is low and as long as the electron
temperature is not too high (less than a few keV).
Observed spacecraft potentials range from a few Volts
to a few tens of Volts positive. Such potentials may
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Antenna - 10 m

Antenna - 10 m

Boom - 9 m

Boom - 3 m

Boom - 8 m

Boom - 3 m
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Boom - 3 m

Boom - 2.5 m

Fig. 1. Structure of the spacecraft INTERBALL-2
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signi®cantly distort measurements of the thermal plasma
ion distribution functions and so present an important
source of error for ion mass spectrometry from a high
altitude satellite (see Sect. 5). As can be seen in Sect. 4,
ion currents of up to a few tens of lA ful®l the objectives
of the experiment for the conditions on-board of
INTERBALL-2. The instrumental set-up generating
these currents is brie¯y outlined below. A more com-
prehensive description has been given by Riedler et al.
(1995).

3.2 Technical implementation

The instrument hosts two di�erent and independent ion
beam systems which can provide an adjustable current
of singly charged indium or N�2 ions. The instrument is a
single mechanical unit consisting of the electronics box
and the two ion sources with auxiliary systems, mainly a
gas ¯ow control system for the nitrogen source,
mounted on top. Figure 3 shows the instrument with
its carbon ®bre dome being removed, which protects the
ion sources and the gas system in ¯ight con®guration.
The instrument is accommodated on a platform point-
ing towards the Sun. The ion beams are ejected in
upward, i.e. sunward direction, parallel to the spacecraft
spin axis. This con®guration had been chosen to avoid
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Fig. 3. The instrument RON-AC with the ion emitter modules and
the gas ¯ow control system
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any modulation e�ects by a beam rotating with the
spacecraft.

3.2.1 Liquid metal ion source. This ion emitter is a ``solid
needle'' ± type liquid metal ion source using indium as
charge material. A solid needle made of tungsten with a
tip radius between 2 and 15 lm is mounted in a heated
reservoir with the molten indium as the charge material.
A potential of 5±7 kV, applied between the needle and
an extractor electrode, pulls the liquid metal towards the
extractor electrode, which forms a Taylor-cone with an
apex diameter of a few nanometres. Field evaporation of
positively charged metal atoms in the strong apex ®eld
leads to the emission of an ion beam. The focusing lens
shapes the beam to a ®nite divergence of about 15° (full
width half maximum). Single tips, as used in this
instrument and previously on the GEOTAIL spacecraft
(Schmidt et al., 1993) can produce currents of several
tens of lA. The mass e�ciency is high. One gram of
indium su�ces for about 10000 h of continuous oper-
ation at 10 to 15 lA. Indium has been chosen as the
charge material because of its low vapour pressure,
which prevents contamination of nearby surfaces, and
its non-toxic properties.

For reasons of lifetime and redundancy, four indi-
vidual emitters are mounted in a common system, with
only one emitter being active at a time. The active source
is heated by its individual electric heater. Only about
0.5 W are required for this purpose. This low ®gure is
the result of the small dimensions and the extremely
good thermal isolation of the emitters by a slab of
porous ceramic material.

In order to avoid oxidation of the indium it should
never become exposed to air or water vapour. Therefore
the emitters were encapsulated in an almost hermetically
closed container which was opened after launch.

Unfortunately, an early failure of the high-voltage
supply prevented the operation of these emitters on
INTERBALL-2. As the instrument was conceived from
the beginning as a technological endeavour, essential
parts, such as the supplies and the ion sources, were
redundant. The second type of ion source and its supply
are described below.

3.2.2 Saddle ®eld ion source. The saddle ®eld ion source
consists of a cylindrical grounded tube of about 40 mm
diameter and 30 mm length, that accommodates in its
centre a ring-shaped anode connected to a positive
potential of up to 6 keV. The particular shape of the
internal electric ®eld con®guration causes electrons to
describe longer oscillatory trajectories and increases the
ionisation probability. Two symmetrical ion beams can
be extracted from the ¯at sides of the cylinder through
small apertures. This design utilises one beam. The other
beam hits a plate mounted at an angle of 45° as part of the
ion catcher. The electrical e�ciency of the this ion source
amounts to a few per cent only, but no additional heater
elements are required. The system requires an elaborate
gas ¯ow control system to establish a controllable and
very small ¯ow of nitrogen gas into the ion source.

3.2.3 Gas ¯ow control system. A schematic of the gas
¯ow control system is shown in Fig. 4. The gas bottle (1)
contains ultra pure nitrogen under high pressure
(18 bar) and has a volume of 0.5 litres. This bottle can
be ®lled through a nipple (2). The gas pressure is
measured by pressure transducer (3) with a measuring
range of up to 35 bar absolute. The gas is fed from the
bottle to the pyrotechnic valve (4) which secures a
hermetically sealed volume of gas. The valve can be
opened by activating a pyrotechnic piston actuator. The
gas ¯ow control system and its mechanisms have been
described in detail elsewhere (Arends and Scheper, 1989;
Arends and Gonfalone, 1976; Gonfalone and Arends,
1979).

When the pyrotechnic valve is open the gas ¯ows to a
magnetic latching valve (6) and thereafter to the
pressure regulator (7), which reduces the high primary
pressure to a very constant lower secondary pressure.
The setting of the regulator can be changed by a DC
motor. The secondary pressure remains constant nearly
independent of the value of the primary pressure. The
secondary gas pressure is measured by a pressure
transducer (9). The secondary side of the pressure
regulator is further connected to a constant impedance
(8) with a leak rate of 6 ´ 10±4 mb litre s±1 at 1000 mb
for air. After this impedance the gas ¯ows to a magnetic
latching valve (10), which controls the gas ¯ow directly
at the entrance to the saddle ®eld ion emitter. All the
di�erent components of the system are interconnected
by stainless steel capillaries.

As the gas ¯ow of the system is very small ±
depending on the working mode of the source between
4.5 and 8 ´ 10±4 mb litre s±1 ± the characteristics of the
source mainly depend on the stability of the pressure
regulator. The photograph in Fig. 4 shows the imple-
mentation of the gas ¯ow control system (protective
dome removed). The large cylinder in the centre is the
liquid metal ion source module (cover in closed posi-
tion), the smaller one to the left is the saddle ®eld ion
source (with the small aperture of 1 mm in diametre for
the ion beam in the centre). The emitters are surrounded
by components of the gas ¯ow control system: The
latching valves (6, 10) are mounted immediately to the
left and right of the ion sources. The motor-driven
pressure regulator (7) is partly hidden behind the saddle
®eld ion source. The gas bottle (1) in front is topped by
one of the pressure transducers (3). Further to the right

108765421
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Fig. 4. Gas ¯ow control system: (1) gas bottle, (2) ®lling nipple, (3)
pressure transducer, (4) pyro valve, (5) test port connection, (6)
latching valve, (7) motor-driven pressure regulator, (8) constant leak,
(9) pressure transducer, (10) magnetic latching-valve
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of the bottle the housings of the redundant pyrotechnic
piston actuators (4) are visible. The main ®lling nipple
(2) is located at the lower right corner of the platform.

3.2.4 Control electronics. The instrument utilises a
microprocessor for controlling the experiment and for
data handling. It basically operates and controls the ion
emitter and gas ¯ow control systems, performs the start-
up procedure of the emitters, and serves the interfaces to
the spacecraft telemetry systems, telecommand and the
experiment IESP-2M (Perraut et al., this issue), which
provides spacecraft potential data to the instrument
RON in real-time. Special attention is paid to the
monitoring of the high voltage unit and the measurement
of the e�ective ion beam current, which necessitates a
special grounding concept for the emitter supply unit.

4 Some results of the on-board measurements

Several instruments are capable of measuring the electric
potential on±board the satellite INTERBALL-2:

1. KM-7 (electron temperature detector)
2. ALFA-3 (thermal plasma ion ¯ux detector ± a
modulation ion trap)

3. IESP-2 M (DC electric ®eld and ULF wave detector)

Apart from these, the responses of the energy-mass-
angle ion spectrometer HYPERBOLOID, and of the
low-energy particle spectrometers SKA-3, ION and
PROMICS, are in¯uenced, at their low-energy range,

by the momentary value of Vsat. At this stage, no
intercomparisons of these data have been performed, as
only very preliminary data on Vsat are available now.
The detailed analysis of the measured spacecraft poten-
tial will be reported in a later paper.

Preliminary evaluations, however, show that Vsat

usually was between 0 and 6 V, mostly about 3 to 4 V
positive. A typical example of the variations of the
spacecraft potential with and without active ion beam
emission is shown in Fig. 5. The time interval covers 100
min of a pass over the auroral region (on 20 October,
1996, at 21:40±23:00 UT). The plasma density at that
time remains to be analysed. The lower panel shows the
current of the nitrogen ion source of RON. The emitter
is turned on at 21:45 UT with 8 lA. The beam current is
increased three times up to about 12.5 lA and turned o�
at 22:17 UT. The upper panel shows the spacecraft
potential as received from the instrument IESP-2M
(Perraut et al., this issue) via the on-board inter-
experiment link. Note that this panel shows the voltage
di�erence between the probes and the spacecraft body
rather than the true potential of the spacecraft relative
to the ambient plasma. The true potential is obtained by
adding the ¯oating potential of the probes, which is kept
at a low value by enforcing an electron current into the
plasma, but nevertheless is of the order of 1 to 2 Volts
positive. After a few initial adjustments the instrument
IESP-2M enters its normal operational condition within
the ®rst current step and measures a very low and almost
constant potential of 2 V. Notably the potential remains
at this value independent of the ion beam current. Only
a very faint decrease can be seen during the last current
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step. At close inspection this decrease turns out to occur
only after the change of the current. Therefore it is likely
to be related to a change in ambient plasma parameters
rather than being directly related to the emission
current. The conclusion to be drawn is that currents
between 8 and 12.5 lA have the same e�ects at the
accuracy provided by the present set-up.

After the ion emission has been turned o�, the picture
changes dramatically. The potential starts to ¯uctuate
between 3 and 7 V, and very fast changes are superposed
on variations with a time scale of minutes. With the
spacecraft potential of the INTERBALL-2 satellite not
being extremely high, the stabilisation of the potential
by active ion beam emission is the most advantageous
e�ect, supporting the ®ne-tuning of low-energy plasma
instruments to the ambient plasma conditions and the
interpretation of the data.

Figure 6 shows another example of the data on 29
October, 1996. Before 21:00 UT and after 21:30 UT the
potential is again clamped to an almost constant value
due to the simultaneous operation of the ion beam at
9.7 lA. Immediately after the ion beam has been turned
o� at 21:00, the potential starts to ¯uctuate as in the
previous example. The new feature in Fig. 7 is the
gradual decrease of the uncontrolled potential towards a
value stabilising slightly above 2 V. This decrease is
accompanied by an increase of the ¯ux of energetic
electrons and ions measured by the instruments ION
and HYPERBOLOID (Sauvaud, private communica-
tion; Dubouloz, private communication). The e�ects of
plasma density and temperature on the spacecraft
potential are clearly illustrated, as well as the fact that
the e�ect of the ion beam is more pronounced at low
density.

5 Current balance at the spacecraft surface

5.1 The general case

The basic condition for the equilibrium spacecraft
potential Vsat of a satellite is that IT (Vsat) = 0, where
IT is the total current to satellite surface. In the general
case (Garrett, 1981, eq. 10) this relation can be written
as:

Ie ÿ �Ii � Ise � Isi � Ibse � Iph� � Ib � 0

where
Ie electron current incident on the satellite surface
Ii ion current incident on the satellite surface
Ise secondary electron current resulting from Ie
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showing the e�ect of active ion emission on the spacecraft potential
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Isi secondary electron current resulting from Ii
Ibse current of backscattering electrons resulting from
Iph photo-electron current
Ib1 1current from active on-board ion sources

All currents are functions of Vsat. However, the
dependence of Ib on Vsat can be safely neglected if the
acceleration voltage of the particle beam is much larger
than Vsat.

As the observations of the spacecraft potential for
INTERBALL-2 show positive values, we shall analyse
the contribution of each component of Eq. (3) assuming
Vsat>0. To simplify the analysis we shall further assume
plasma neutrality (ne0 = ni0 = n0) with ne0 and ni0
being the undisturbed plasma electron and ion densities
outside the sheath, respectively.

5.2 Photo-electron current

The photo-electron current Iph constitutes the main
factor causing a positive spacecraft potential. As the
spin axis of the INTERBALL satellites points towards
the Sun, the large area of the four solar panels covered
by indium oxide (2.25 m2 ´ 4 = 9.0 m2) becomes the
main source of photo-electrons. While their e�ciency
for photo-electron emission under solar illumination has
not been measured yet, there is ample reason to assume
that the well-established photo-electron production
coe�cient for indium oxide (30 lA m±2, see Table 4 in
Garrett, 1981) may be used, at least as a ®rst approx-
imation. The solar side of the satellite body adds
another area of 4.15 m2 which is partly covered by
gold-metallised mylar and partly by indium oxide. We
take for these surfaces the average of the respective
values in the same Table 4 in Garrett (1981). Thus, the
total photo-electron current Iph0 is estimated as
(9.0 ´ 30) + 4.15 ´ (29+30)/2 = 0.392 mA, i.e. the
mean photo-electron current density results in
Jph0 = 29.8 lA m±2.

Under the conditions of a rare®ed plasma, when jIphj
exceeds all other currents into or from the ambient
plasma, the spacecraft potential adjusts itself at a level
where most of the photo-electrons are re¯ected back to
the surface or trapped within the sheath, and only the
high energy tail of the photo-electrons can escape into
the ambient plasma and establish an equilibrium with
the other currents. It may be speculated that the spec-
trum of the solar emissions, in particular the intensity in
the EUV range and of X-rays, a�ects the production
rate and the energy spectrum of the photo-electrons. It is
assumed that during the deep solar minimum conditions
prevailing now, the solar intensity of solar X-rays and
EUV is low, and so is the photo-electron production
rate. If the energy spectrum of the photo-electrons is
approximated by a Maxwellian distribution, the current
of escaping photo-electrons Iph0 can be represented as

Iph � ASJph0 exp

(
ÿq

Vsat
kTph

)
; for Vsat > 0 �4�

where q is the elementary charge, kTph/q is the average
energy of photo-electrons, and AS is the sunlit area of
the satellite surface.

5.3 Plasma electron and ion currents on the satellite
surface

To estimate the contribution of the electron and ion
currents from the ambient plasma to the current balance
of the INTERBALL-2 satellite we shall refer to
equations (22, 23) from Garrett (1981) for the case of
positive spacecraft potential:\

Ie � Ie0 1� q
Vsat
kTe

� �
�5�

Ii � Ii0 exp

(
ÿq

Vsat
kTi

)
�6�

where

Ie;i0 � ATJe;i0 � AT
qn0
2

2kTe;i
pme;i

� �1=2

�7�

where AT is the total surface area of the satellite. It is
here assumed that the satellite velocity vs is less than the
thermal ion velocity vi, so the processes related to the
satellite wake for ions are not considered, for example in
ion out¯ows. In a simple calculation we obtain the value
of Je0:

Je0 � 26:8 n0�kTe=q�12 nA mÿ2 �8�
where the undisturbed plasma density n0 is expressed in
cm±3 and the energy of the plasma electrons, kTe/q, in
eV. For typical parameters of the main part of the
INTERBALL-2 orbit (n0 » 1 ¼ 100 cm±3, kTe/
q » 1 eV) Je0 is at least one order of magnitude lower
than Jph0 estimated.

Let us now consider the incident ion current Ii. It can
be seen that even for Vsat = 0, and thermal equilibrium
between electrons and ions, the ratio Ii/Ie corresponds to
the ratio between the ion and electron thermal velocities,
i.e. it is very small. With increasing Vsat this ratio
becomes even smaller, which means that for a positively
charged spacecraft the incident ion current may be
neglected in the current balance.

5.4 The average secondary electron emission coe�cient
for INTERBALL-2

In order to estimate the in¯uence of the secondary
electron emission on the charging of the INTERBALL-
2 satellite, let us assume a Maxwellian energy distribu-
tion for the energetic part of the secondary electron
spectra:

Ise � r�Te�Ie0 exp

(
ÿq

Vsat
kTse

)
; for Vsat > 0 �9�
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The secondary electron emission coe�cient r is about
zero for 1 eV primary electrons, but increases to
0.8 . . . 0.9 or more for energies of 100 eV to 1 keV,
and the average energy of secondary electrons kTse/q is
typically a few eV (Whipple, 1965). In order to become
signi®cant for the current balance Ise would have to
become comparable to Iph, which would require densi-
ties ne0 » 200 to 300 cm±3 at energies of 100 eV to
1 keV, where r increases. Such values do not occur at
the orbit of INTERBALL-2. Thus, secondary electron
emission can be neglected for positive potentials of the
satellite INTERBALL-2. We also can neglect backscat-
tering of electrons and secondary electrons due to the
impact of ions, because the corresponding coe�cients
are even lower than the secondary electron emission
coe�cient.

5.5 Principle of spacecraft potential control

The basic approach of this method of active spacecraft
potential control is illustrated by Fig. 7. Without active
ion emission, the equilibrium potential adjusts itself at a
high positive value Vf0 corresponding to the equilibrium
between the high energy tail of the emitted photo-
electrons (Iph) and the plasma electron current Ie. By
adding a positive ion beam current Ib, the potential is
quickly reduced to a value Vfb, which is of the order of
the mean energy of the photo-electrons, even if the
emitted ion current remains well below the total photo-
emission current. It is also obvious that the potential in
the uncontrolled case results from an intersection
between the photo-electron and plasma electron cur-
rents at a shallow angle, and therefore is very sensitive to
variations of the plasma conditions. This dependence,
which results in a large variance of the ¯oating potential,
is highly reduced by the addition of a constant beam
current.

5.6 Plasma conditions for positive spacecraft potential
and active potential control
at the INTERBALL-2 satellite

Now we shall estimate where along the orbit of
INTERBALL-2 positive spacecraft potentials can be
expected. On the satellite, the ion beam emitter RON
was used as an active current source with ion energies of
4 to 5 keV (see Sect. 3). Using Eqs. (4, 5) Eq. (3) can be
written as Ie±Iph+Ib = 0 or:

ATJe0 1� q
Vsat
kTe

� �
ÿ ASJph0 exp

(
ÿq

Vsat
kTph

)
� Ib � 0

�10�
which can easily be solved for Vsat by numerical
methods. Some results, using parameters of INTER-
BALL-2 (AS = 13.15 m2, AT » 40 m2), and assuming a
mean photo-electron energy of kTph/q = 1.5 eV, are
compiled in Table 1. This choice of Tph is supposed to
model the main part of the photoelectrons, mainly
generated by solar Lyman alpha radiation, but does not
include any correction for a more energetic component.

Table 1 shows basic agreement between the calculat-
ed spacecraft potential therein and the measurements
(see Fig. 5). The ¯oating potential without ion beam
ranges between about 2 and 6 V for the typical plasma
conditions along the orbit of INTERBALL-2 (the two
upper rows in Table 1). When the plasma is more
rare®ed, a condition which may occasionally be ful®lled
on this orbit, but is more likely in the outer magneto-
sphere, the potential increases. When the ion beam is
turned on, the potential becomes independent of the
density for densities below »1 cm±3 (for 20 lA ion
current). In this regime the current carried by the plasma
electrons becomes negligible relative to the currents of
the photo-electron and the ion beam, and the equilib-
rium potential is determined by the ion beam current.
The potential varies only by 1 or 2 Volts even for largely
di�erent (some tens of lA) ion currents. As secondary
electron production can be ignored in our case (as is
done in the calculations for Table 1) the in¯uence of the
plasma temperature is small.

6 Models of thermal plasma distortions
around INTERBALL-2
for positive spacecraft potential

6.1 Some model results for in®nite Debye length

Comprehensive measurements of the three-dimensional
distribution functions of thermal and suprathermal ions
H+, He+, O+ and O++ ions are being carried out on-
board INTERBALL-2 by the energy-mass-angle spec-
trometer HYPERBOLOID (see the accompanying work
by Dubouloz et al., this issue). Also, low energy particle
measurements are carried out on-board by several other
instruments. Calculations using the in®nite Debye
length model I2 S of Sect. 2.3 were performed to
simulate the responses of the HYPERBOLOID instru-

Table 1. Spacecraft potential
calculated for di�erent ambient
plasma parameters

Plasma density
(cm±3)

Plasma electron
energy (eV)

Spacecraft
potential (V)
for Ibeam = 0 lA

Spacecraft
potential (V)
for Ibeam = 12.5 lA

Spacecraft
potential (V)
for Ibeam = 20 lA

30 0.3 1.77 1.68 1.63
1 1 5.96 4.59 4.11
0.1 1 8.88 5.10 4.43
0.01 1 11.93 5.17 4.46
0.001 1 15.06 5.18 4.47
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ment to anisotropic (bi-Maxwellian) ion distribution
functions for di�erent spacecraft potentials and initial
¯ow velocities ~U of the ions in a magnetic coordinate
system moving with the the spacecraft. (The velocity ~U
of the ions, in the spacecraft frame, results from the sum
of the negative satellite's velocity and the velocity of the
ion ¯ux with respect to the magnetic ®eld). e is the angle
between the magnetic ®eld and the velocity vector ~U .

Figure 8a±d shows some results of the model calcu-
lations and contain contours of equal ¯ux, labelled with
the logarithm (base 10) of the ¯ux in cm±2 s±1, as a
function of the velocity components of the ions parallel
and perpendicular to the magnetic ®eld. The plane
shown contains the vectors of the magnetic ®eld and the
velocity ~U . The bi-Maxwellian distribution function

used as an input corresponds to the following set of
parameters: Tpar = 10000 K, Tperp = 20000 K, and the
ion density is 5 cm±3. The ¯ow velocity ~U in the
magnetic frame moving with the satellite is assumed to
be 10 km s±1 at e = 60°. Figure a±d refers to increasing
satellite potentials Vsat of 0, 5, 10, and 15 V, respective-
ly. It can be seen that the distortions of the shape of the
measured ion distribution functions due to the ion
trajectories passing through the potential distribution
around the satellite can be signi®cant. Already at 0 V
the originally bi-Maxwellian distribution is shifted
according to the ¯ow velocity. Contours near ~U = 0,
where the ¯ux as ``seen'' by an instrument on the
spacecraft vanishes, are not shown. With increasingly
positive satellite potential the measured ¯uxes decrease,

Fig. 8a±d. Some results of the model calculations for ion distribution functions (see text); vpar and vperp denote the velocity components parallel
and perpendicular to the magnetic ®eld in km s±1. Labels are in log10 of the ¯ux in cm±2 s±1
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and distortions become more pronounced. Finally, the
¯ux distribution assumes a beam-like shape in Fig. 8d.
Fortunately, the preliminary evaluations show that the
spacecraft potential was rather low for a signi®cant part
of the ¯ight, between nearly zero and 4 to 6 V positive,
but even in this range the sheath e�ects should not be
neglected.

6.2 Modi®cation of the ion detector response due to the
potential at the aperture grid

In the case of a signi®cant positive spacecraft potential
Vsat and a large Debye length D in a rare®ed plasma,
only ions with the energy Ei > Vsat in the spacecraft
frame can reach the detector, and their energy will be
reduced accordingly. Thus, setting the aperture grid at
the entrance of an instrument, such as the HYPE-
RBOLOID spectrometer, to a negative potential allows
the detector to collect and accelerate ions with initial
energy Ei > Vsat to the spectrometer aperture and thus
increase the sensitivity, but the ions are still a�ected by
the potential well around the satellite. Of course, this
very crude analysis does not take into account inhomo-
geneities in the potential associated with the complex
shape of the satellite. Even with RON being operational,
it is expected that Vsat remains slightly positive. The
usual setting of the bias voltage Vbias is )6 to )8 V, so
that VHYP = Vsat+Vbias remains close to zero. The
value of VHYP has to be taken into account in any
quantitative analysis of HYPERBOLOID data.

7 Conclusions

The metallised and practically equipotential surfaces of
the INTERBALL-2 satellite are the key factor leading
to relatively low positive spacecraft potentials observed
at high altitude. Ion beam currents of up to tens of
microamperes are needed for the active control of the
positive spacecraft potential. The RON-AC ion beam
emitter was capable of providing such ion currents in
¯ight and allowed to perform experiments on the active
control of the spacecraft potential.

Calculations were performed to model the ion
trajectories around a realistic model of the INTER-
BALL-2 satellite in a static three-dimensional electric
®eld distribution for in®nite Debye length, and neglect-
ing magnetic ®elds. From these calculations the response
of the on-board energy-mass-angle thermal ion spec-
trometer HYPERBOLOID for initial anisotropic (bi-
Maxwellian) ion distribution functions was calculated,
using realistic values of the spacecraft potential. It is
shown that signi®cant distortions of the measured ion
distribution functions are possible, especially in the
presence of strongly anisotropic distributions.
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