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Grappling with Charging
Floating Potential Monitor for Grappling Missions
Luke Goembel

grappling has yet to be demonstrated in orbits where spacecraft
charge to high floating potentials and arcing during grappling
would be more of a concern, such as in GEO.

Abstract— Monitoring absolute spacecraft floating potential
prior to and during grappling might reduce the chance of arcing
between the spacecraft. Methods of measuring absolute floating
potential are discussed. Focus is placed on the determination of
floating potential with curved plate charged particle energy
analyzers. Various design parameters for efficient absolute
floating potential monitors based on curved plate charged
particle energy analyzers are discussed with an emphasis on the
features needed to improve the state-of-the-art in floating
potential measurement. A number of flight instruments based on
curved plate charged particle energy analyzers, and two
instruments that have been designed for flight buy not yet flown,
are compared and their relative merit for use as absolute floating
potential monitors is discussed.

The mechanics of grappling, the technology needed to
maneuver toward then make contact with another spacecraft,
and the tools and skills needed to service the target spacecraft
won’t differ a great deal between low inclination low Earth
orbit (LEO) and high inclination LEO or GEO. However the
charging environment will differ dramatically.
In low inclination in LEO, where grappling has already
been demonstrated, spacecraft frames rarely charge to more
than a few hundred volts relative to the space plasma. In high
inclination in LEO, frame potentials as high as 2,000 volts
have been reported [1] and in GEO, floating potentials of
20,000 volts have been reported [2],[3].
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I.

INTRODUCTION

It may be worthwhile to restore a spacecraft to use through
refueling or repair. However, clients for servicing missions
may want assurance that servicing won’t damage their
spacecraft. Insurance against financial loss may be required
prior to grappling. Any analysis of the risks involved in a
servicing mission would be incomplete if it did not include the
risk of damage due to arcing during grappling.

A number of missions to deploy robotic grapplers in
geosynchronous Earth orbit (GEO) are either in progress or in
planning. The United States Defense Advanced Research
Projects Agency (DARPA) plans to demonstrate the robotic
removal and re-use of space apertures and antennas from
decommissioned satellites in GEO with its Phoenix Mission,
now in progress. NASA has a Satellite Servicing Capabilities
Office that is developing technologies for and promoting onorbit robotic servicing (refueling, repairing, or reorienting) in
GEO. At least two private ventures are planning to build
spacecraft that would service other spacecraft in GEO (an ATK
Corp. and U.S. Space LLC’s joint venture, Vivisat and MDA
Corp.’s Space Infrastructure Servicing spacecraft). The stateof-the-art in robotic satellite servicing and legal, financial, and
technical challenges to the effort have been discussed at a
number of recent workshops and conferences including the
United States National Aeronautics and Space Administration
(NASA) “Second International Workshop on On-Orbit
Satellite Servicing” and DARPA’s “Fostering Sustainable
Satellite Servicing” conference, both held in 2012.

After providing a background in spacecraft charging and
methods being considered to mitigate arcing during grappling,
this paper introduces a method that may reduce the risk of
arcing during grappling. The method introduced is the
monitoring the floating potential of the servicing spacecraft
prior to and during grappling, and choosing not to grapple
when arcing is likely.
After providing a background in spacecraft charging and
methods being considered to mitigate arcing during grappling,
this paper introduces a method that may reduce the risk of
arcing during grappling. The method introduced is the
monitoring the floating potential of the servicing spacecraft
prior to and during grappling, and choosing not to grapple
when arcing is likely.

A few missions have already demonstrated the feasibility of
deploying robotic grappler spacecraft and using them to service
other spacecraft. NASA’s ongoing Robotic Refueling Mission
has demonstrated robotic servicing techniques on the
International Space Station (ISS). The Japan Aerospace
Exploration Agency (JAXA) Engineering Test Satellite No. 7
(ETS-7) mission in 1997 and the DARPA Orbiter Express
mission in 2007 demonstrated that autonomous spacecraft
could perform refueling operations. However, spacecraft

II.

SPACECRAFT CHARGING AND GRAPPLING

The accumulation of excess electrostatic charge by a
spacecraft so that its frame (spacecraft electronics ground) or
other parts of the spacecraft float at a potential different than
that of the space plasma at infinity is broadly categorized as
“spacecraft charging.”
In this paper, spacecraft frame
potential, absolute spacecraft potential, and spacecraft floating
potential all refer to the electrostatic potential of the electrically
conductive spacecraft frame relative to the space plasma at
infinity.

Luke Geombel is with Goembel Instruments of 1020 Regester Avenue,
Baltimore, Maryland, 21239.
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Models and data collected from spacecraft have shown that
spacecraft frames usually charge to a potential that is only a
few volts positive or negative relative to the space plasma.
Atypical spacecraft charging conditions produce floating
potentials of the order of tens of volts or more. In this paper
high absolute spacecraft frame potentials (where arcing on an
individual spacecraft may take place) are considered to be 75
volts or more, and extreme floating potentials are measured in
kilovolts relative to the space plasma.

The accumulation of electrostatic charge that produces
extreme spacecraft floating potentials is a space weather effect.
High-energy electrons in the magnetosphere are the primary
source of current that causes spacecraft to charge to high
potentials relative to the space plasma. The electrons have
kinetic energy between a few hundred eV and 50 keV. During
geomagnetic substorms, high energy electrons are injected into
the magnetosphere and cause dramatic changes in the satellite
electrostatic potential [10]. Studies of satellite anomalies and
space weather have shown that major magnetic storms may
“happen at any time” and “cause spectacular effects on
satellites” [6]. High level charging is predominantly
experienced by spacecraft in GEO or high inclination LEO,
since the high energy electrons that cause such charging
generally don’t penetrate to low inclination LEO.

The electrostatic charging of objects in outer space was
hypothesized by scientists in the 1930s [2]. In 1955 a rocketborne experiment detected elevated spacecraft floating
potential [4]. Spacecraft frame floating potentials at kilovolt
levels was first reported in the 1970s [5]. The large magnitude
charging noted for that spacecraft “provided a major impetus
to the discipline of spacecraft charging” [2]. In 1972 it was
determined that a strong solar flare might be responsible for
anomalous satellite behavior [6] and subsequent analysis done
between 1973 and 1974 showed a strong correlation between
times of geosynchronous satellite anomalies and space weather
[7].

Even in the absence of geomagnetic storms spacecraft may
charge to high levels in GEO. It has been hypothesized that
significant charging can be expected when space weather
conditions are such that the satellite passes through the
magnetopause. According to M. F. Thomsen (personal
communication, April 27, 2007) a Los Alamos National
Laboratory satellite that had been equipped with a device
capable of measuring absolute floating potential indicated that
the satellite charged to a few hundred volts negative each day
for a number of days. Although such regular high level
charging might be considered rare, it has been observed in the
data from satellites.

The negative effects of elevated spacecraft frame potential
are varied. Even very low level floating potentials (on the order
of a few volts) will complicate space plasma measurements [8]
and can attract contaminants to spacecraft surfaces [9]. Higher
level floating potentials can damage spacecraft surfaces
through ion sputtering. Even minor physical damage to
spacecraft surfaces (such as through the attraction of
contaminants or through ion sputtering) can seriously degrade
sensitive satellite components such as thermal control or
optical surfaces. Higher level floating potentials might cause
discharges into space (a “blow-off” discharge) [10]. As
spacecraft accumulate charge and the frame potential differs
from that of the space plasma, differential charging can take
place [11]. Differential charging, spacecraft charging that
results in an electrostatic potential difference between adjacent
regions of a spacecraft, can lead to electrical breakdown (arc
discharge) to redistribute charge. Potential differences between
adjacent regions of a spacecraft as low as approximately 100
volts are capable of inducing arcing [12], [13].

Research into spacecraft charging has generally focused on
the effect a single spacecraft would experience. The challenge
presented by having two spacecraft make contact, possibly in
an extreme charging environment such as in GEO during a
geomagnetic substorm, is relatively new and complex. During
maneuvers towards docking, and during docking and servicing,
one must consider how the approach and contact of the two
spacecraft might invite arcing either between the spacecraft or
between differentially charged parts of one or the other
spacecraft. Techniques such as equalizing the floating
potentials of two spacecraft upon docking by bleeding charge
through a resistor or using a plasma contactor to reduce the
floating potentials of the two spacecraft are now being
considered to mitigate arc damage during grappling.

An arc discharge can induce undesired signals into
spacecraft electronics or even induce currents in internal
satellite wiring. At its worst, arc discharges may damage
spacecraft electronics. Spacecraft charging has been implicated
in spacecraft anomalies, some of which result in the partial, or
even total, loss of the use of the spacecraft [14],[15]. It has
been claimed that satellite charging was responsible for 161 out
of 198 environment-related anomalies (i.e. 81%) according to
one study [10]. It has also been stated that the largest cause of
mission failures (lost or terminated missions) related to the
space environment is surface electrostatic discharge (spacecraft
charging) [16]. Two hundred annoying-to-serious and ten
critical operational anomalies due to electrostatic surface
discharge are expected over a GEO spacecraft’s lifetime [17].
The hazards of spacecraft charging have not been eliminated as
spacecraft design has advanced. Occasionally, well publicized
satellite failures attributed to spacecraft charging, such as the
2010 Galaxy 15 “Zombiesat” incident, serve as a reminder that
spacecraft charging can cause costly damage [18],[19].

Grappling in regions of space where spacecraft charge to
electrostatic potentials of thousands of volts relative to the
space plasma has not yet been attempted. Grappling has only
been demonstrated in low inclination in LEO, where floating
potentials usually differ from that of the space plasma by only
a few volts and floating potentials of greater than 75 volts is
rare. The lack of arcing during such demonstrations is no
assurance that arcing will not take place in other orbits, such as
in GEO, where spacecraft charging to arc inducing levels (over
75 volts) is a relatively commonplace occurrence, where
spacecraft may remain charged to such levels for as long as 12
hours [20], and where spacecraft have even been shown to
charge to floating potentials that are orders of magnitude
higher (20,000 volts).
III.

ARC MITIGATON METHODS

A number of methods for mitigating arc damage due to
grappling will be considered in this section. Perhaps the
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simplest method is the avoidance of docking during specific
satellite local times. It has been shown that spacecraft are more
likely to charge to high levels in GEO from local dawn to dusk,
and especially when entering or exiting the earth’s shadow near
local midnight. Docking at satellite local times where charging
is least likely to occur (e.g. only daylight local times) appears
an easy rule to follow. However spacecraft charging studies
have shown that even though spacecraft charging is less
frequent at some local times, spacecraft can charge to abnormal
levels at any local time [21]. Hence, picking a time to grapple
based only on satellite local time is not guaranteed to prevent
arcing.

Outgassing (or thruster byproducts) from one spacecraft could
induce a blow-off discharge which bypasses the bleed resistor.
The RC circuit model of docking also understates the amount
of energy available for arc damage and may give a false sense
of security. More than the capacitive electrical energy of a
spacecraft is available for arcing. Under certain conditions,
energy from the spacecraft’s own electrical system may
contribute to damage when arcing occurs, such as in the ‘blowoff, flashover, and sustained arc’ model of solar array damage
[22],[23]. The fact remains: the effect of a close approach and a
transfer of charge between two spacecraft under conditions
where spacecraft may reach high floating potentials is
unknown. Hence, dependence the RC circuit model of docking
alone does not guarantee arc mitigation.

Another method to consider is the avoidance of grappling
when geomagnetic activity, as indicated by a geomagnetic
activity index, is elevated. Since spacecraft charging and
elevated geomagnetic activity have been correlated, arcing
might be prevented by grappling only during geomagnetically
‘quiet’ times. However, the efficacy of this method is in doubt
since in at least one multi-spacecraft study of charging, the
geomagnetic activity index used (the planetary K index, Kp)
did not accurately predict when spacecraft charging would take
place. A pair of spacecraft in that study charged to -250 volts
for about an hour even though the index used indicated it was
geomagnetically ‘quiet’ [21]. Hence, consultation with a
geomagnetic activity index to determine that spacecraft are not
charged prior to grappling can not guarantee that spacecraft are
not charged, and thus can not guarantee that arcing will not
take place.

Another arcing mitigation method that does not require
awareness of space weather is the use of a plasma contactor to
reduce the charge of the servicer and target satellites. Plasma
contactors are cold cathode ion sources that have been used to
reduce charge on spacecraft such as the ISS. Although they
have been shown to reduce the charge on the spacecraft frame
to which they are attached, their use in grappling is untried and
may present difficulties. The plasma released by the device
could initiate arcing between differentially charged surfaces. It
has been recommended that “solar arrays and other active sites
should be kept out of induced plasma plumes” because the
plasma could initiate arcing [24]. Furthermore, the plasma that
flows from the contactor will be confined to geomagnetic field
lines which will complicate the transport of the plasma to the
target craft. The difficulty of reducing charge on a part of a
spacecraft that is not in electrical contact with the spacecraft
frame is illustrated by a study of a xenon plasma contactor on
the GEO Defense Satellite Communications System III
(DSCS-III) satellite. It has been reported that spacecraft
surfaces on the satellite retained charges of 1,200 volts relative
to the spacecraft frame even when the device was active [25].
Hence, the use of a plasma contactor alone does not guarantee
arc-free grappling.

Two arcing mitigation methods that do not require
awareness of space weather are now considered. The first is the
controlled equalization of the potential between two spacecraft
through a bleed resistor. The model used for the docking of
two spacecraft is that of two capacitors that reach equipotential
by bleeding charge through a resistor: an RC circuit model of
docking. This model yields the result that even if one
spacecraft were at an extreme charge (-20,000 volts) and the
other were at the plasma potential (0 volts) the total energy that
would be bled through the resistor upon docking would be very
small, perhaps less than one Joule. The result based on this
model is encouraging to those who desire a fool-proof designbased solution that will prevent damage to spacecraft during
grappling: according to the model, even in the worst case of
charging imaginable (20 kV potential difference between the
spacecraft frames) arcing could be mitigated simply by
bleeding charge through a resistor in series with the grappling
arm. However, this model overlooks several possible means by
which arcing can take place. The docking-induced equalization
of the two spacecraft frame floating potentials could actually
increase differential potentials on one or the other spacecraft in
the following way. Regions of one or the other spacecraft that
are not well grounded to the spacecraft frame may retain a
relatively large potential while the frame potentials are
equalized. The resulting potential difference between the
poorly grounded regions of the spacecraft and the spacecraft
frame might then be large enough to cause arcing across those
regions on a single spacecraft. There is also the possibility that
electrical contact will be made between the two spacecraft by
some means other than through the bleed resistor. Under high
charging conditions, spacecraft experience blow-off discharges
where matter and charge is blown off into free space.

IV.

MONITORING ABSOLUTE FRAME POTENTIAL PRIOR TO
AND DURING GAPPLING

The term ‘absolute’ has a special meaning when used in the
context of spacecraft charging. Absolute spacecraft frame
potential (or ‘spacecraft floating potential’) is the measure of
the spacecraft floating potential with respect to the space
plasma at infinity.
It is very unlikely that both spacecraft, servicer and client,
would be equipped with absolute floating potential monitors. If
that were the case, then grappling could be avoided when
spacecraft frames were at different floating potentials, and the
risk of arcing through contact between the two frames could be
avoided. However, even if only one spacecraft were equipped
with an absolute potential monitor, arcing might be mitigated.
The sort of absolute elevated frame potential that is
experienced during high energy electron precipitation is likely
experienced by both spacecraft if they are close enough to
grapple. As evidence of this effect, a multi-spacecraft study has
verified that coincident abnormal charging is experienced by
spacecraft in close proximity [21]. If one spacecraft has a low
frame potential relative to the space plasma it is unlikely the
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other will have a high frame potential relative to the space
plasma. Thus, by monitoring the servicer spacecraft’s absolute
floating potential and choosing not to dock when frame
potential is abnormal, arcing due to docking might be avoided.

phenomenon. However these sensors cannot determine the
spacecraft frame potential relative to a standard reference
potential. Such devices can only indicate that there is a
difference in floating potential between parts of a single
spacecraft. It is possible that an elevated absolute spacecraft
floating potential would go undetected by such devices.

One may think that if both spacecraft are were experiencing
the same space weather conditions that cause elevated frame
potential then it shouldn’t matter if contact were made between
the two frames since they both would have elevated frame
potentials. It is important to realize that different spacecraft are
likely to charge differently in space. Differences in spacecraft
design and orientation cause the spacecraft to charge to
different floating potentials even under similar space weather
conditions. The potential to which the spacecraft frame will
charge will depend on things such as the amount of area
exposed to sunlight, the composition of the surfaces exposed to
space, etc. Let us assume that there might be (conservatively) a
10% difference in the absolute floating potentials of two
spacecraft that are about to grapple. If that were the case, if one
of the spacecraft was charged to a floating potential of 10 volts
above the plasma potential there would be a mere one volt
potential difference between the spacecraft frames. In that
situation the chance of arcing might be very low. However, for
the same assumption of a 10% difference in frame potentials, if
the absolute floating potential of one spacecraft were 2,000
volts, then there would be a 200 volt potential difference
between the two spacecraft frames. For the 2,000 volt frame
potential case the it would be significantly more likely that
arcing would take place upon close approach and contact
between the two spacecraft.

To illustrate, consider the scenario where a spacecraft is in
an environment where it has been charged to an elevated
absolute floating potential for some time. It could be the case
that, for instance, the isolated plate in a spacecraft charging
detector would be at a potential close to that of the spacecraft’s
frame. Therefore the spacecraft frame could be at an elevated
floating potential (if it were to be measured relative to the
standard reference, relative to the space plasma at infinity) and
the charging detector might give little or no indication that the
spacecraft frame was at an elevated potential. Devices that
cannot determine absolute frame potential cannot determine
with certainty whether or not the spacecraft frame is charged to
an elevated potential.
Absolute floating potential has been determined in a
number of ways. Two classes of instruments have been used.
One class depends on the immersion of a conducting probe in
the plasma that surrounds the spacecraft to determine floating
potential. The current versus voltage characteristics of the
probe immersed in the plasma surrounding the spacecraft are
analyzed to determine absolute floating potential. Due to
differences in the gyro-radius of ambient charged particles at
different altitudes, relatively short probes can be used in in low
earth orbit and longer probes must be used in higher orbits. In
GEO probes that extend tens of meters are used to determine
floating potential.

The same conditions that cause spacecraft frame charging
(high energy electron precipitation) might cause differential
charging. Even though a spacecraft frame potential monitor
does not monitor the potential of every electrically isolated part
of a spacecraft, it could still warn of conditions that might
produce charging on any part of the spacecraft.

The other class of instruments used to determine absolute
spacecraft floating potential are curved electrostatic plate
charged particle energy analyzers. Such instruments contain
concentric electrodes (plates) shaped in truncated sectors of
standard figures of revolution [29]. They use an electric field to
disperse the charged particles that enter the analysis region (the
region between the charged plates) of the device. For a given
electric field (controlled by the electrostatic potential of the
charged plates) only particles with a single kinetic energy per
unit charge will be allowed to pass from the entrance to the exit
of the analyzer. Thus, by placing a particle detector at the exit
of the analysis region and varying the electrostatic potential on
the plates, a differential energy spectrum (particle count rate, or
particle flux, versus particle energy) of the charged particles
that enter the analysis region can be obtained. The energy
spectrum of the ambient charged particles in the region of the
spacecraft can then be analyzed to determine absolute floating
potential. Booms are not required to determine spacecraft
floating potential with this class of instruments.

For grappling missions, monitoring the servicer spacecraft
absolute frame potential might help mitigate arcing. If the
absolute spacecraft frame potential is higher than normal, then
docking, and the risk of damage to the spacecraft, could be
avoided. Even after docking, when the two spacecraft frames
are in electrical contact, monitoring absolute frame potential
might be useful. If the absolute frame potential rises to
abnormal levels, spacecraft surfaces may be differentially
charged to potentials that might lead arcing upon manipulation.
An absolute floating potential monitor could be included on a
servicing spacecraft and a simple rule could be followed in
order to reduce the chance of damaging the spacecraft: don’t
grapple if servicer absolute frame potential is, or has recently
been, elevated.
V.

DEVICES THAT D ETERMINE FLOATING POTENTIAL
VI.

Devices that sense spacecraft charging or its effects but
cannot determine absolute frame potential have been tried in
space. They operate by measuring the potential of an
electrically isolated conductor relative to the spacecraft frame
[26], by measuring the current that flows from a charge
collector [27], or by detecting the electromagnetic signal of
electrical discharges [28]. Such charging sensors have
advanced our knowledge of the spacecraft charging

CURVED ELECTROSTATIC PLATE CHARGED PARTICLE
ENERGY ANALYZERS

Two methods that have been used to determine spacecraft
floating potential from curved electrostatic plate charged
particle energy analyzer data are now described. They are the
low energy ion cutoff method and the electron spectroscopic
method. The low energy ion cutoff method works as follows. It
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is assumed that there are ambient ions around the spacecraft
that would have very little kinetic energy if the spacecraft were
not present. For a negatively charged spacecraft the differential
energy spectrum of ions will exhibit a ‘low energy cutoff’, the
minimum energy at which ions can be detected. Since the ion
energy analyzer reference potential is that of the spacecraft
frame, then the apparent minimum in ion energy (in eV) is
taken to be the spacecraft’s floating potential in volts
(negative) relative to space plasma. Other examples of low
energy ion spectra, and the floating potential derived from
them, are given in [5], [2], and [30]. Low level as well as high
level charging can be detected with this method. The low
energy ion cutoff method has been used in LEO as well as
GEO [31].

collect spectra over a very broad range of energies since they
are survey type scientific instruments, not spacecraft floating
potential monitors. A great deal of the data they collect may
not be of importance in determining floating potential. Such
inefficiency leads to less accurate and/or less frequent floating
potential determinations. Furthermore, many of the charged
particle energy analyzers that have flown devote a very small
fraction of their time to gathering spectra at below 100 eV.
However, the collection of spectra at energies below 100 eV is
of importance in determining spacecraft floating potential.
What would be considered normal spacecraft floating
potentials, potentials from 0 to -100 volts, cannot be
determined by the low energy ion cutoff method unless ions
with energies from 0 to 100 eV can be analyzed. Likewise, the
electron-spectroscopic method could not be used to determine
normal spacecraft floating potentials unless electrons with
energy less than 100 eV could be analyzed.

The electron spectroscopic method of floating potential
works as follows. Peaks due to the photoionization of the
Earth’s atmosphere can be seen in electron energy spectra
collected in space [32]. Since the electrons travel great
distances along the Earth’s geomagnetic field lines, the
photoelectrons are even detected at GEO distances. Features
due to atmospheric photoionization appear in the spectra and
can be used to determine spacecraft floating potential [33].

In order to collect the data needed to determine floating
potential in a timely manner, and with useful accuracy and
precision, no time can be wasted collecting data from the
wrong direction or the wrong energy range. In addition to
inefficiencies introduced by instrument pointing and
instrument energy range, there are fundamental curved plate
electrostatic energy analyzer design characteristics that may
limit the ability of charged particle energy analyzers to
determine spacecraft floating potential. Even if existing flight
instruments were deployed to collect spectra only from the
direction that is optimal for determining floating potential, and
only in the energy range that is optimal for determining
floating potential, those instruments would compare
unfavorably to instruments that could be built today. Those
instruments that have been used to determine absolute floating
potential in the past (and presently) simply do not have the
energy resolution nor geometric factor that is readily
achievable today.

The remainder of this paper will focus on a single type of
floating potential monitor: those that use curved electrostatic
plate charged particle energy analyzers to determine absolute
spacecraft floating potential. Historically, such devices have
been flown as a component of a space physics suite:
instruments that have been deployed for various scientific
studies. In general, they have been used to make broad surveys
of the populations of electrons and ions in the region of the
spacecraft. If the spectra from such instruments have been used
to determine absolute floating potential, that has been only one
of a number of uses for the spectra, and the device was
probably designed primarily for another purpose.
VII. CRITERIA FOR EFFICIENT FLOATING POTENTIAL
DETERMINATION

VIII. THE I MPORTANCE OF ENERGY RESOLUTION AND
GEOMETRIC FACTOR

If one were to deploy a curved electrostatic plate charged
particle energy analyzer designed exclusively for determining
spacecraft floating potential, and if maximum efficiency in
performing the task were desired, some characteristics of the
device would differ from curved electrostatic plate charged
particle energy analyzers that have been flown in the past.
Ideally, the analyzer would collect data from only in the
direction of the geomagnetic field lines. In GEO or equatorial
orbits, that would mean pointing the instrument in the direction
of spacecraft North or South. Collecting charged particle
energy spectra from other directions would reduce the
efficiency of data collection and thus reduce the frequency,
precision, and accuracy of the floating potential
determinations. Since many charged particle energy analyzers
are expected to survey charged particle fluxes from many
directions, such devices would be inefficient at collecting data
that is of use in determining spacecraft floating potential.

Those who have shown an interest in flying spacecraft
floating potential monitors would like fly instruments that
could determine absolute floating potential within seconds, not
minutes. They would like compact, low-mass, robust,
inexpensive, easily deployed sensors. Some knowledge of the
trade-offs between energy resolution, geometric factor,
analyzer size, noise due to scattering, etc. are needed to
understand the advantages of one curved plate charged particle
energy analyzer compared to another. Therefore, we present
some basics of charged particle spectrometer design, with an
emphasis on optimal design for determining floating potential.
In the laboratory, energy resolution and geometric factor
are highly valued performance metrics for curved electrostatic
plate charged particle energy analyzers. Of course, laboratory
curved electrostatic plate charged particle energy analyzers can
weight hundreds of kilograms, require many watts to power,
and contain electronics that would be unfit for space flight (see,
for instance, the instrument described in [34]). Only simplified,
cut down versions of laboratory instruments can be flown in
space. An examination of the spectra from flight instruments
reveals the relatively poor performance of such instruments

The ideal curved plate charged particle energy analyzer for
floating potential determination would collect charged particle
data only in the energy range needed to determine spacecraft
floating potential. Many of the analyzers that have flown
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compared to laboratory instruments. First, the viewer of such
spectra (a viewer skilled in the art of laboratory charged
particle spectroscopy) is struck by how few energy bins (data
points) are contained in a spectrum. For instance, one flight
instrument collects spectra consisting of 40 data points (40
fixed energy bins) over the 0 eV to 40,000 eV range. One
reason flight instruments collect data in so few energy bins is
that the instruments are severely lacking the geometric factor
needed to collect meaningful spectra at the low fluxes of
ambient charged particles in outer space. Thus, of the total time
devoted to collecting a spectrum is divided between just a few
energy bins so that each bin will accumulate enough “counts”
to produce a spectrum (variation in counts per energy bin).
Better quality spectra from spacecraft (spectra that show
recognizable features) are sometimes composed by combining
the data from many spectra that have been gathered over many
seconds or minutes [32]. If one is to build a curved electrostatic
plate charged particle energy analyzer with the ability to
determine spacecraft floating potential in a timely, accurate
manner (say, one floating potential determination each second
in flight with 10% accuracy), then something better than the
instruments that are flown today is needed. The geometricfactor-starved flight instruments of the past are not sufficient.

A curved electrostatic plate charged particle energy
analyzer’s energy-resolution quantifies the instrument’s ability
to resolve features that appear in charged particle energy
spectra. It is analogous to the resolving power of optical
telescopes. Telescopes with poor resolving power will not
reveal features features of interest to astronomers. Likewise, in
charged particle energy spectroscopy, instruments with poor
resolution will not reveal features of interest to spectroscopists.
Higher energy resolution not only helps separate closely
spaced peaks in a charged particle energy spectrum, it aids in
the detection of weak sources of discrete energies when
superimposed on a broad continuum by enabling the
emergence of a tall peak above the statistical noise of the
continuum. For charged particle energy analyzers, resolution is
generally expressed as the width of line spectrum (the spectrum
of a beam of a single energy charged particle) relative to the
energy of the line: the so-called “full width at half maximum”
energy resolution (FWHM) of the instrument. Full width at
half maximum describes the width of the line (in energy)
measured at half of the lines height and is expressed as a
percentage. We will give an example. For a charged particle
energy analyzer with an resolution of 10%, if a spectrum of
electrons with exactly 100 eV are energy analyzed, the width
of the peak that would appear on the spectrum at 100 eV would
measure 10 eV across at half of its height. To give some
perspective, in the laboratory 10% energy resolution would be
considered poor resolution. Good energy resolution for a
laboratory instrument would be about 1% or so. Instruments
that are flown in space can have resolutions of 40% or so.
Although some charged particle energy analyzers with
resolution of about 2% have been flown, what is usually
considered a necessary trade-off between energy resolution and
the speed with which spectra data can be collected has limited
the use of high energy-resolution devices to specialized
missions.

Geometric factor is not to be confused with “geometric
form factor,” nor “scale factor”. Geometric factor is a
specialized term in the field of curved plate charged particle
energy analyzers. Instruments with a large geometric factor
will be able to collect spectra more rapidly than those with a
smaller geometric factor. Increased geometric factor allows the
collection of spectra with better-defined features, or,
alternatively, the collection of useful data over more energy,
spatial, or temporal bins. Geometric factor for charged particle
energy analyzers is analogous to objective area for optical
telescopes. Just as the objective area gives the light gathering
power of a telescope, the geometric factor of a charged particle
energy analyzer gives the ‘particle gathering power’ of the
device. Geometric factor is expressed as the product of the
instrument’s field of view and its entrance aperture area. There
can be a trade-off between a charged particle spectrometer’s
energy resolution and its geometric factor due to the practice of
reducing slit width (and, thus, aperture area) to increase energy
resolution. Geometric factor is thereby reduced when
resolution is increased. The features of interest in a charged
particle spectrum may be easier to discern above the
background if resolution is increased, but it may then take too
long to gather a spectrum due to the reduced geometric factor.
Long accumulation times are especially problematic in the
dynamic, low particle flux environment of space.

The relatively low fluxes of electrons and ions in space will
limit the timely, accurate determination of absolute floating
potential to only those curved plate charged particle energy
analyzers with extraordinary energy resolution and geometric
factor. Since spacecraft resources limit the size and mass of
instruments that fly, simply enlarging the dimensions of the
curved electrostatic plate charged particle energy analyzer in
flight-qualified instruments (and, thus, instrument size and
mass) is not an appealing option. Luckily, there is a way to
bypass the apparent need to enlarge instrument dimensions in
order to increase geometric factor while retaining energy
resolution. Thus, compact instruments with an unprecedented
combination of high energy-resolution and large geometric
factor can be built today, as will be discussed in Section XI.

Curved electrostatic plate charged particle energy analyzers
that have been flown have extraordinarily poor energy
resolution compared to the energy resolution achieved in the
laboratory. Data from low energy-resolution flight instruments
suffer the consequences of low energy-resolution: severe lack
of detail in the spectrum. Alternatively, when high energy
resolution devices have been flown, unpredicted and
potentially useful detail have appeared in the spectra. Details in
the spectrum (low energy ion cutoff, atmospheric electron
peaks) are needed to determine absolute floating potential, and
such detail is sorely lacking in the spectra collected by the
instruments that are flown today.

IX.

THE I MPORTANCE OF DETECTING LOW ENERGY
CHARGED PARTICLES

In addition to the need for high energy-resolution and high
geometric factor, the ability to detect charged particles with
less than 100 eV energy is useful for determining spacecraft
floating potential. Most of the time, it is thought that spacecraft
in LEO and in GEO will be floating at a potential within 100
volts of the plasma potential. As was mentioned in Section 7,
for both the electron-spectroscopic and the low energy ion
cutoff methods, energy analysis of charged particles of less
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than 100 eV energy will frequently be needed to determine
absolute spacecraft floating potential. Curved plate charged
particle energy analyzers that can gather detailed multi-point
spectra of charged particles of less than 100 eV energy are
rarely flown. One reason they are rarely flown is that the more
common survey-type instruments are configured to scan over a
very broad range of energies, and they are configured to step
through the low end of the energies with broad gaps.
Furthermore, the energy analysis of particles with less than 100
eV energy may require magnetic shielding to exclude magnetic
fields from the analysis region between the electrostatic plates,
and this could be considered a complicating factor in their
design. Finally, at lower charged particle energies, scattered
particles and photoemitted electrons from spacecraft surfaces
may ‘contaminate’ the spectra, so care must be taken in
deciding how best to orient the instrument to assure that the
spectrum gathered is of non-spacecraft origin. Such concerns
may have inhibited the design of, and flight of, curved plate
charged particle energy analyzers capable of gathering spectra
at energies from 0 to 100 eV.
X.

XI.

THE TRADE-OFF BETWEEN ENERGY RESOLUTION AND
GEOMETRIC FACTOR

Sometimes energy resolution is sacrificed in order to
increase the geometric factor of a curved electrostatic plate
charged particle energy analyzer. Consider the case for
hemispherical analyzers of traditional design (those with
circular entrance and exit apertures). If all other charged
particle optics dimensions are held constant (e.g. the size of the
inner and outer hemispheres), as the instrument’s slit width
(which circular apertures is the aperture diameter) is increased,
the geometric factor of the device is also increased since the
geometric factor is proportional to aperture area. However, as
the slit width (aperture diameter) is increased, the instrument’s
energy resolution is decreased. For the case of hemispherical
energy analyzers with circular apertures, there is a trade-off
between energy resolution and geometric factor. This trade-off
between energy resolution and geometric factor holds true for
other curved electrostatic plate charged particle energy
analyzer configurations as well.
However, there is a way to increase the geometric factor of
a hemispherical analyzer without a decreasing its energy
resolution nor the dimensions of its hemispheres. The slit can
be elongated without increasing slit width. Elongation of the
slit increases the area of the slit, and thus, increases the
geometric factor of the device. The elongated slit has been used
in hemispherical analyzers for decades for laboratory devices
and has been used for at least one space-borne charged particle
energy analyzer. The 180˚ spherical sector (hemispherical)
curved plate electrostatic charged particle energy analyzer has
been deployed in space since the 1960s. Hemispherical
analyzers are also used for high energy-resolution work in the
laboratory due to their high particle throughput (focusing)
charged particle optics. Focusing optics ensure maximum
particle throughput and, for the class of spherical sector
analyzers (e.g., hemispherical analyzers and quadrisphere, or
“top-hat”, analyzers) focusing optics are only available in
hemispherical analyzers [29]. Traditionally, the aperture for a
hemispherical analyzer has been circular, as it was for the PES
instrument of the Atmosphere Explorer Satellites [35]. It has
been shown in practice that using a curved aperture and
collimator arrangement increases the aperture area without a
decrease in energy resolution. Thus, one hemispherical
analyzer can have a many multiples larger geometric factor
than another simply by elongating its slits in an arc. There is no
need to increase the size of the hemispheres (and the mass of
the device) nor reduce the instrument’s energy resolution. The
ability to significantly increase geometric factor without
increasing volume and mass, while at the same time retaining
energy resolution, is useful for space flight instrumentation,
where instrument mass and volume are necessarily constrained.
Curved apertures on hemispherical analyzers have been used
for decades in laboratory instruments and on at least one spaceborne instrument [36]. More recently, a unique curved
collimator and aperture arrangement [37] has been used in the
construction of a flight ready electron energy analyzer. The
same curved collimator and aperture arrangement has been
been proposed for use in a combined electron and ion energy
analyzer that would be the basis of a dual-method (electron
spectroscopic and low energy ion cutoff) spacecraft floating
potential monitor [33]. Those devices have energy resolution as

LIGHT AND PARTICLE SCATTERING

Other design features may be required to avoid spurious
signals from particle and light scattering. Light scattering is of
interest because photons are indistinguishable from charged
particles for commonly used particle detectors (e.g., channel
electron multipliers and microchannelplates). When relatively
higher energy particles strike internal surfaces in the energy
analysis region of the device, it is possible that lower energy,
scattered particles will result. Some of the particles produced
by internal scattering might contaminate the spectrum of the
particles of interest. Particles that are scattered from spacecraft
surfaces and light that might be scattered from spacecraft
surfaces might also enter the field of view of the spectrometer,
and care should be taken to orient the spectrometer on the
spacecraft so that particles and light will be less likely to enter
the instrument’s field of view. The signal from internally
scattered particles and from light might overwhelm the signal
from the particles of interest. To limit spurious signals due to
light, anti-reflective coatings (such as gold-black) can be used
in internal surfaces of the energy analyzer. To reduce internal,
inelastic particle scattering, electrostatic analyzer surfaces can
be coated with highly conductive materials, such as gold. Other
parts of the spectrometer that might scatter particles, such as
apertures, can be manufactured from molybdenum, which
retains its conductivity even when oxidized. Certain analyzer
geometries inhibit both light and particle scattering. For
instance, light and particles must travel a full 180˚ around the
inner hemisphere to travel from the entrance aperture to the
particle detector in a hemispherical analyzer (a curved
electrostatic plate charged particle energy analyzer that
contains of a hemispherical shell analyzing region). For the
commonly deployed “top hat” curved electrostatic plate
charged particle energy analyzers, light and particles need only
travel through 90˚ arc to reach the detector, and thus, scattered
particles might more easily make it to the detectors. To further
suppress noise due to scattering, a collimator might be used to
limit the acceptance of charged particles (and light) to only
those that are in the instrument’s desired field of view.
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good as the highest energy resolution instruments flown and
have a geometric factor six- to one hundred-times larger than
other, more massive flight instruments, as will be shown in the
next section.

XIII. WHAT COULD BE ACHIEVED IN THE FUTURE
To date, no curved plate electrostatic charged particle
energy analyzer has been used to calculate absolute floating
potential in real time on a spacecraft. Determinations of
floating potential have been made after-the-fact by examining
collections of spectra that have been telemetered back to Earth.
Generally, a researcher looks through a collection of spectra
and chooses a spectrum that might be analyzed for, say,
extreme charging or for calculating the spacecraft floating
potential at the time of some important event.

XII. A COMPARISON OF CURVED PLATE CHARGED
PARTICLE ENERGY ANALYZERS D ESIGNED FOR FLIGHT
A high geometric factor and good energy resolution are
both critical parameters for judging how well a spectrometer
will be able to determine floating potential by both the
electron-spectroscopic and low-energy-ion-cutoff methods.
Table 1 is presented to show the geometric factor, energy
resolution, and mass for curved plate charged particle energy
analyzers that have flown or are designed for flight. The
geometric factor reported for instruments with multiple
channels is the sum of the individual channels. If two energy
resolutions are available for an instrument the superior energy
resolution is listed.

One of the instruments listed in Table 1, the MPA, has
collected spectra that have been used to determine spacecraft
floating potential. The use of its spectra to determine floating
potential (through the low energy ion cutoff method) illustrates
the inefficiencies (and deficiencies) of using a survey-type
curved plate charged particle analyzer to determine floating
potential. The MPA devotes half its time to collecting spectra
of negatively charged particles and half its time to collecting
spectra of positively charged particles. The MPA also devotes
most of its time to looking in many directions in space (it
surveys a complete 4π steradian of viewing angles each ten
seconds) rather than looking mainly in the direction of the
geomagnetic field lines. Furthermore, as is typical for most
survey-type instruments, MPA gathers data over 0 to 40 keV in
merely 40 fixed energy bins, which does not allow for a precise
measurement of floating potential. Both energy resolution and
geometric factor are relatively poor for the MPA compared to
instruments which could now be built such as those described
by [33]. Any one of these factors, division of time between
collection ion data and electron data, time wasted collecting
data in the wrong direction, the collection of data in widely
spaced energy bins, a small geometric factor, and poor energy
resolution would render the MPA inferior to the sorts of
dedicated spacecraft floating potential monitors that could now
be built. The net result of all of these factors combined is an
extremely poor floating potential monitor that would have
severely limited frequency, accuracy, and precision in floating
potential measurement.

Six instruments appear in the table. The first two
instruments, Plasma Analyzer for Space Science (PASS) and
the Spacecraft Charge Monitor (SCM) have not yet flown,
although the SCM is flight-ready [33]. Both of those
instruments include hemispherical charged particle optics that
allow a large geometric factor at high energy resolution in a
compact size, as discussed in the previous section. Note that
the PASS and SCM instruments have a geometric factor of 1.8
x 10-2 cm2 sr and an energy resolution of 2%. The geometric
factor of those instrument is over six times the geometric factor
of the instrument with the next highest geometric factor, that of
the Magnetospheric Plasma Analyzer (MPA) [38],[39].
However, the MPA instrument has very poor energy resolution
(40%). The Ion Beam Spectrometer (IBS) has comparable
energy resolution to PASS and the SCM, but it has only oneseventieth the geometric factor [40]. The SWEPAM-I
instrument has only slightly poorer energy resolution, but has
less than one-hundredth the geometric factor [41]. The Electron
Spectrometer of Venus Express (ELS) has less than onehundredth the geometric factor of PASS and the SCM, and it
has much poorer energy resolution than those instruments:
8.3% versus 2% [42]. All of the instruments for which
individual weights could be found (two were integral parts of
instrument suites) weigh significantly more than PASS and the
SCM.

With a dedicated floating potential monitor of the sort
described in [33] it is likely that charged particle energy spectra
could be of the quality that would allow real-time spacecraft
computer processing for the value “absolute floating potential”
by either the electron-spectroscopic or low energy ion cutoff
method.

TABLE I.

Since only relatively under-powered (low energy resolution
and/or small geometric factor and/or inefficient data gathering
scheme) survey-type curved plate charged particle analyzers
have been used to collect spectra in space, and since superior
instruments designed specifically to determine floating
potential on board the spacecraft are available with today’s
technology, we have the opportunity to vastly improve the state
of the art in accurate, timely floating potential monitoring for
missions such as those that have been planned for grappling.

Performance
Instrument

Geometric Factor
(x 10-3cm2sr)

Energy Resolution
(%ΔE/E FWHM)

Mass
(kg)

PASS

18

2.0

1-2 (est.)

SCM

18

2.0

0.6

IBS

0.25

2.0

23 (suite)

SWEPAM-I

0.13

2.5

6.2

XIV. CONCLUSION

MPA

2.8

40

3.6

ELS

0.13

8.3

9 (suite)

As we plan to grapple in space, it might prove worthwhile
to consider the possibility of arcing due to a difference in the
floating potential of the two spacecraft. One method that has
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been proposed to avoid arcing during grappling requires the
use of a spacecraft floating potential monitor. The absolute
floating potential (frame potential) of one of the two spacecraft
could be monitored, and if the spacecraft had an elevated
floating potential then grappling could be avoided in order to
avoid arcing caused by contact between spacecraft with
dissimilar floating potentials. It would be assumed that since
elevated floating potential is caused by local space weather
conditions, if one spacecraft were not experiencing elevated
floating potential, then neither spacecraft would be
experiencing elevated floating potential.
If one were to deploy an absolute floating potential
monitor, it might prove worthwhile to deploy a device
configured expressly for determining absolute floating
potential. Such a device would have a large geometric factor,
would have high energy-resolution, would be able to analyze
low energy (below 100 eV) charged particles, and would be
deployed so that its field of view was directed toward the
geomagnetic field lines. It would also be worthwhile to design
the instrument to minimize light and particle scattering.
It has been shown that with today’s technology an absolute
floating potential monitor based on a curved plate electrostatic
charged particle energy analyzer could be built that would have
very high performance compared to the curved plate analyzers
that are now flown. Flying such a device might significantly
improve the state of the art in accurate, timely floating
potential monitoring and might prove useful in grappling
missions.
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 Overview:
 When,

where, and how long charging
takes place
 Grappling with charging
 An Instrument that might be used to
avoid arcing on grappling missions
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When is extreme spacecraft charging most likely?
◦
◦
◦
◦
◦
◦

In GEO and LEO, mainly from midnight to dawn L.T.
In GEO, at times of geomagnetic substorms
In GEO, more often in eclipse
In GEO and LEO, more often near equinox
In LEO at high latitudes (associated with auroral activity)
Charging appears to be independent of the solar cycle

From:
The Timescale of Surface Charging
Events, Dr. Joseph Mazur (The
Aerospace Corporation)
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How long is the S/C charged?
◦ Spacecraft in LEO can remain highly charged for up to 90
minutes
◦ Spacecraft in GEO can remain highly charged for up to 12
hours

From:
The Timescale of Surface Charging
Events, Dr. Joseph Mazur (The
Aerospace Corporation)
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Grappling takes place when one spacecraft grabs
another in order to:
◦ Refuel
◦ Repair
◦ Scavenge
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V?
Charging is implicated in spacecraft damage
almost exclusively through inference rather than a
direct measure of spacecraft floating potential.
However, the direct measure of spacecraft floating
potential might actually prevent spacecraft
damage as follows:
By equipping a spacecraft with an absolute frame
potential monitor and grappling only when the
frame potential is low, it might be possible to
prevent electrostatic discharge during grappling.
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If both spacecraft are highly charged what does it
matter if they make contact: Isn’t it a difference in
floating potentials that would cause arcing?

◦ Although both spacecraft will experience the same space
weather, they are likely to charge to differing absolute
floating potentials.
◦ Consider a 10% difference in potentials:
◦ When space weather is such that the spacecraft frames
float at 10 volts relative to the space plasma, the
difference between spacecraft frames is merely 1 volt.
◦ However, under adverse space weather conditions the
difference in potentials will be larger. 10% of 2,000 volts
is 200 volts - a significant, arc producing potential
difference.
◦ The actual difference may be more than 10%.
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Let us now consider methods that might reduce
the likelihood of arcing during grappling.
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What about choosing to grapple at local times
where charging is unlikely to take place?
◦ LEO spacecraft have been shown to remain charged to
high potentials for up to a full orbit
◦ GEO spacecraft have been shown to remain charged to
high potentials for up to 12 hours



Thus, local time does not guarantee no charging.
Don’t
Ever
Grapple?

Grapple?
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What about choosing to grapple only when
geomagnetic activity is low as indicated by an
index such as Kp?
There is uncertainty in using such an index to
decide if spacecraft frame potentials are elevated
or not.
◦ For instance, it has been shown that a pair of spacecraft
in GEO charged to a floating potential of over two
hundred volts for about an hour when the Kp index
indicated it was geomagnetically ‘quiet.’



Thus, ‘quiet’ Kp does not indicate ‘no charging.’
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What about using a ‘lightning rod’ on the grappling
arm to make first contact with the target S/C?
◦ Consider the spacecraft as a reservoir of charge
discharging into another reservoir of charge, possibly at
kilovolts potential difference.
◦ The effect of the charge transfer on differential charging
aboard each spacecraft should also be considered (e.g.,
will charge transfer between spacecraft increase the
likelihood of arcing between the frame and electrically
poorly grounded parts on one S/C or the other).



Thus, the use of a lightning rod does not
guarantee arc-free grappling.
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What about using a plasma discharge device to
lower the potential on both spacecraft before
grappling?
The plasma released by the device could initiate
unwanted arcing by providing a pathway for
charge redistribution.
Also, satellite surfaces have been shown to
remain at potentials of 1,200 volts relative to the
spacecraft frame even when discharge devices
have been active.
Thus, use of a plasma discharge device does not
guarantee arc-free grappling.
14
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There is an additional way to reduce the chance of
arc-discharge during grappling:
Choose to grapple at a time when spacecraft are
not charged to high floating potentials as indicated
by an absolute frame potential monitor.

15
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How can it be determined that the spacecraft are
at ‘safe’ floating potentials for grappling by
equipping one spacecraft with an absolute floating
potential monitor?
◦ Since high level charging is caused by unusual local
plasma conditions, and both spacecraft are immersed in
the same local plasma, it is unlikely that one of the pair is
at a high floating potential when the other is not (nor has
been recently).
◦ Thus, a frame potential monitor on one of the spacecraft
would indicate ‘go’ or ‘no go’ for grappling.
16
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Why use an absolute floating potential monitor
rather than some other sort of device that gauges
spacecraft charging (e.g., a charged plate
monitor)?
Only an absolute floating potential monitor will
indicate when the spacecraft frame is or is not at
some floating potential relative to the space
plasma at infinity.
Other instruments lack an absolute, unbiased
reference and could indicate spacecraft frames
are not at an elevated floating potential when, in
fact, they are.
17
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What instruments are available for measuring absolute
spacecraft floating potential?
I know of no flight-proven, dedicated frame potential
monitor for GEO, where charging is especially
problematic and where grappling missions are being
planned.
For decades the measurement of frame potential in GEO
was only possible with unwieldy, expensive, mission
specific instruments, instruments that were usually included
as components of a space physics suite.
The following table shows types of instruments used to
determine absolute floating potential in LEO and GEO.
18
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The state of the art is that there are not many
choices for measuring absolute frame potential:
◦ And only one of the methods listed below can be
implemented in GEO without the use of booms
Instrument

Method

Orbit

Langmuir
Probe

Volt-Ampere characteristic of probe immersed in space
plasma is measured

LEO

A current voltage curve from instrument is analyzed to
Retarding
determine ion drift velocity.
Potential
Analyzer (RPA)

LEO

Floating Probe Electrometer measures difference in potential between a LEO to GEO
probe immersed in the space plasma and the spacecraft.
Charged
Particle
Energy
Analyzers

Ion or electron energy spectra are analyzed for a shift in LEO to GEO
energy due to the retarding or accelerating potential of the
spacecraft.
19
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The remainder of this presentation will focus on a
curved electrostatic plate charged particle energy
analyzer that might be used in GEO or LEO to
determine absolute floating potential.
Such a device might be used to reduce the risk of
arcing during grappling.

20
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New technology is available to build instruments that
would be better suited for determining absolute
floating potential than those instruments that have
been flown in the past.
In the past, charged particle energy analyzers that
were used to determine absolute floating potential had
inefficient energy scans and were not pointed in the
right direction for the rapid, accurate determination of
absolute floating potential.
More importantly, charged particle energy analyzers
did not have the charged particle gathering power that
is now available to make rapid, accurate spacecraft
floating potential determinations.
22
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PASS (Plasma Analyzer for Space Science)
would be a spacecraft floating potential
monitor with extraordinary performance.


The PASS design for a floating potential monitor
was chosen by both prime contractors (Lockheed
Martin and Boeing) for TSAT in early 2009.



More recently, in 2013, Goembel Instruments was
asked to propose PASS for the Korean Space
Environment Monitor (KSEM) instrument suite of
GEO-KOMPSAT-2A.



The instrument would be based on the Spacecraft
Charge Monitor (SCM) that was delivered to NASA
in 2006.

23

Proposed
PASS
Sensor
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PASS


Would use two
floating potential
monitoring methods

◦ ElectronSpectroscopic
◦ Low Energy Ion
Cutoff

SCM built for NASA

Electron detection
only
24

Proposed modification

Both electron
and ion detection

Spacecraft Charging Technologies Conference 2014 - 120 Viewgraph

PASS as proposed for KSEM






The PASS instrument proposed would
determine floating potential from -5 volts
to -4,000 volts, and + floating potentials.
The advantages of the PASS instrument
are described in detail in a 2012 IEEE
paper.
The proposed KSEM instrument would
include fewer electronics, be smaller and
lighter, and would consist of two parts:
◦ sensor
◦ electronics package
25

Prepublication copy of 2012
IEEE paper available
from www.goembel.biz
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Expected PASS Characteristics


It would be accurate, experience no calibration drift,
and no booms would be needed.



It would be efficient: it would be designed exclusively
to monitor absolute frame potential.



It would provide perhaps one reading per second vs.
one reading per minute - and with better accuracy.



Two methods would be used to validate frame
potential measurements.



It would be compact: an estimated mass of ~1kg.
26
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Conclusions:
Spacecraft charging is unavoidable and could lead
to arcing damage to one or both spacecraft during
grappling in LEO or GEO.
The deployment of an absolute floating potential
monitor on one of the grappling spacecraft could
warn of elevated charge and indicate the times
that grappling should be avoided.
Efficient, accurate, high performance absolute
floating potential monitors could be built with
technology available today.
27
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Thank You
For More Information Please Contact
Dr. Luke Goembel
443-465-3863
Luke@goembel.biz
www.goembel.biz
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