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Current Status of Spacecraft
Charging in the USA—2014
H. B. Garrett and Albert Whittlesey

Abstract— The objective of this paper is to provide a brief
overview of the current state of the art in spacecraft charging in
the United States as of 2014. Several books (Goebel and Katz,
2008 [5]; Garrett and Whittlesey; 2011 [3]; Lai, 2011 [6], [7]) and
standards (e.g., NASA-HDBK-4002A for external and internal
charging (Whittlesey and Garrett, 2011 [4]) and an AIAA
standard for low altitude, high voltage systems (Ferguson and
Hillard, 2003 [2])) have been published in the United States over
the last few years that provide new guidelines for charging
mitigation that have made a real difference. Studies of the effects
of meteoroid impacts on charging, new material effects studies,
and the push toward very high voltage solar arrays will be
reviewed. Recent efforts have also been aimed at evaluating and
upgrading the codes used to predict charging on the
International Space Station that support Extra-Vehicular
Activities. Updates to models of internal electrostatic discharging
and advanced charging sensor systems will also be described.
Finally, a discussion of where the field of spacecraft charging
within NASA and in the United States may be heading will be
presented.

prediction capabilities at NOAA were presented by J. Green.
She observed that using our NASA charging guidelines to
construct spacecraft significantly improved their survivability.
W. Kim (JPL) and others described the latest modeling
developments in IESD (e.g., NUMIT 2)—another area of
continuing interest in 2014. Papers covering the electric fields
and discharges associated with meteoroid and space debris
impacts from Stanford foreshadowed the current concerns for
the Siding Springs Comet and its debris stream—the
constellation of Mars spacecraft is threatened by hypervelocity
impacts from the flyby this fall. Roeder and colleagues at
Aerospace Corporation presented new models of the Earth’s
plasma charging environment. These empirical models of the
plasma environment (20 eV to 200 KeV) in the Earth’s inner
magnetosphere were based on particle flux measurements by
the Charge and Mass Magnetospheric Ion Composition
Experiment/Magnetospheric Ion Composition Spectrometer
(CAMMICE/MICS) and Hydra instruments on the NASA
Polar satellite.

Keywords—Spacecraft Charging, Surface Charging, Internal
Electrostatic Discharge

D. Ferguson addressed the issue of anomalies versus time
noting that if you divide them by the (increasing) number of
satellites, it clearly shows their rates going down for space
charging causes (our community is working ourselves out of a
job!). He also reported that the environment at the time of the
Galaxy-15 anomaly was perhaps the highest recorded electron
temperature ever. Another interesting recommendation was
that by J.R. Dennison who suggested that studying material
behavior by doing only 1-D equations—that helps test planning
when trying to measure and understand materials. These results
describe just a few of the many interesting findings presented
at the 12th SCTC and foreshadow those to be presented at the
13th SCTC.

I.

PROLOGUE: THE 12TH SCTC

The previous charging conference, the 12th Spacecraft
Charging Technology Conference, held between 14-18 May
2012 in Kitakyushu, Japan, demonstrated the health and
breadth of our international spacecraft charging community.
That conference, hosted by Prof. Mengu Cho. had an
attendance of 120 and filled 5 days. Prof. Cho and his staff
executed it flawlessly with an impressive number of high
quality presentations. Topics covered at the conference by the
US participants included testing of solar cells biased until they
arced. This experiment, the Primary Arc effects on Solar Cells
At LEO (PASCAL) flight experiment on the ISS, showed that
repeated low power (primary) arcing adversely affects the
performance of space solar cells. Tethers, test standardization,
and discharge propagation velocities were other popular topics
covered by the US delegation. D. Ferguson described the
beginnings of an extensive round-robin test program to find out
if different labs would get the same ISO 11221 test results—
the findings of this testing program are to be presented over the
next few days at this 13th SCTC. B. Vaynor's presentation on
flashover current pulse formation set a standard at the
conference—the continuation of that work will be reported
during the 13th SCTC. The continuing theme of space weather

II.

CURRENT CHARGING STUDIES IN THE US—THE 13TH
SCTC

As just discussed, the 12th SCTC provided an excellent
review of the “state of the art” of our field of spacecraft
charging as of 2012. Efforts around the world and in the US
have continued, however, and the 13th SCTC provides a new
opportunity to review our work. Table 1 lists the main sessions
at the 12th and 13th conferences. While there are some minor
differences, the topics, which were determined by submissions,
are very similar. In this section, US contributions in these main
areas will be summarized.
A. Charge Modeling
Charge modeling in the US continues to advance on a
number of fronts. While in the past spacecraft charge modeling
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has been an option for designers, it is now becoming a
requirement in the US for many missions. Current examples of
the types of modeling under study range from surface charging
for the Juno jovian mission (Kim et al. [28]) to the Solar Probe
Plus (Donegan, Davis, and Mandell [25]) using Nascap-2K.
The former effort includes the unique effects of rapidly
changing electric VxB fields and surface charging on large,
spinning solar arrays. The latter study evaluates the importance
of the intense and complex photoelectron cloud created near
0.044 AU. At the Earth, S. Lai and colleagues (Lai and Cahoy
[40]) also continue to investigate the effects of trapped
photoelectrons on surface charging while low altitude,
mesothermal plasma models are being developed at USC (Hu
and Wang [42]). Similarly, Davis and Mandell (formerly
SAIC, now renamed Liedos, Inc.) are working with AFRL
(Cooke, Ferguson, and associates) in developing PIC codes for
studying charging in dense, cold plasmas (Davis et al. [33]). In
a related efforts, L. Neergaard Parker, J. Minow, and E. Willis
at NASA MSFC (Parker et al. [17]) are studying internal
charging in low earth orbit under thermal blankets and find that
one spacecraft, the NOAA-19, may reach levels where ESD
can occur.
TABLE I.

Plasma Expansion Speed” program (Young et al. [35]) being
carried out by AFRL, NASA, industry, and academia to
characterize primary arc waveforms in terms of speed and
degree of discharge of arc plasmas produced by primary arcs,
dependences on environment, capacitance per unit area, arc
voltage, temperature, and other plasma characteristics. A list of
the many participants and organizations are presented in Table
2. Several talks at the 13th SCTC report on the results of these
tests. For example, Likar et al. [9] discuss tests performed in a
“Low Earth Orbit” plasma at the Princeton University Plasma
Physics Laboratory (PPPL) on a simulated solar array coupon.
The coupon was designed to force arc initiation at a single site
and enable symmetrical plasma expansion about this point so
that a detailed plasma characterization could be achieved.
Langmuir and current probes were arranged above and to the
sides of the sample allowing measurements of the plasma
propagation speed. The primary arc and the corresponding
current waveforms were measured in a dense LEO plasma
generated by a Hall Current Thruster. The ultimate goal of
these Round-Robin tests is to allow accurate estimates of arc
current peaks and half-widths for solar arrays and allow
mitigation techniques to be evaluated.
A special issue for charging interactions at low altitudes is
how to simulate the background atomic oxygen. Maldonado et
al. [44] report on the development of a new “Magnetically
Filtered Atomic Oxygen Plasma Source”. Based on a
transverse magnetic filter, their test facility produces a beam of
atomic oxygen ions with energy, density, and ion composition
corresponding to conditions between 300 to 600 km.

COMPARISON OF TOPICS COVERED AT THE 12TH AND 13TH
SCTCS

12th:
Special Session: “Carolyn Purvis
Memorial Session on Charging
Simulation”

13th:
Special Class: "Introduction to
Spacecraft Charging"

Charging Simulation
Charging and Arcing Testing

Charge Modeling
Ground Testing

Internal Charging
Materials Characterization
On-Orbit Investigations

Internal Charge Testing
Material Properties in Plasma
On-Orbit Investigations

Charging and Arcing Mitigation

SC Charge Mitigation

Space Weather: Cause and
Effect; Solar Activity
ESD test Standardization

Space Weather and Charging

Tethers
Plasma Propulsion
Radiation Effects

Tethers
Electric Propulsion

C. Internal Charge Testing
In addition to the IESD modeling efforts we have
mentioned, ground testing is continuing in the US community.
At JPL, a unique study was carried out by N. Green and M.
Stumbo [14] in which they analyzed the build-up of charges
and the resulting discharges in 4 dielectric tapes. The
endurance time to ESD [21] is part of the extensive on-going
efforts by the Utah Sate team lead by J. R. Dennison to
understand material charging characteristics. They present
experimental results for the breakdown characteristics of two
prototypical polymeric materials with different types of trap
state densities, low density polyethylene (LDPE) and
polyimide (PI or Kapton HN™). H. Yun, L. Wang, and P.
Dutton in conjunction with W. Kim and I. Hahn of JPL [51]
have been studying the effects of carbon allotropes on IESD. In
particular, they have been testing the dissipative properties of
ETFE (Ethylene TetraFluro Ethylene) formulations with
carbon allotropes of different form factors, such as rod (CNT),
sheet (Graphene), ball (C-60), and amorphous (carbon black)
to evaluate the risk due to inhomogeneity of carbon black in
polymers.

Standards (Charging environment,
simulation, design, and testing)

Misc Charging Plasma Concerns
HV SA Plasma Interactions

B. Ground Testing
An important area for future missions to the Moon (and
potentially Mar, comets, and asteroids) is the effects of charged
dust/lunar regolith. USC (J. Wang and students) report on their
new laboratory for the actual testing of dust charging and on
their simultaneous efforts at numerically modeling these effects
[30] [31]. The Apollo missions in particular highlighted the
dangers associated with these very abrasive particles and their
static adhesion to virtually everything.

Related to these IESD testing results, B. Beecken and
associates (Bethel College) [43] describe their work with
AFRL in further developing the NUMIT code (originally
developed by Robb Frederickson). The AF-NUMIT2 model
has been extended to incident electron fluxes an order of
magnitude lower than previously and the predictions checked
against Monte Carlo simulations. CRRES electron fluxes have
been used to simulate Kapton charging over multiple days and

Ground measurements of arc propagation and initiation (J.
Young and M. Crofton, Aerospace Corp. [34] and plasma
expansion during flashover (Vayner, Ohio Aerospace Institute
[8] are providing new data on this important process. These
studies are part of an extensive “U.S. Round-Robin Test on
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were found to give consistent results between maximum
internal electric field strengths and conductivity regardless of
the incident electron spectra.

modeling, and design changes (T. McDonald, EMA3D and J.
Norgard and B. Scull, NASA Johnson Space Center [41]). Onorbit electric field data from the Van Allen Probes mission by
researchers at LASP, the University of Minnesota, and the
SSL, USC (Malaspina et al. [29]) find that high-amplitude
chorus waves and spacecraft potential fluctuations on the
timescales of chorus wave packets (<1 second) are correlated.
While the potential and chorus wave electric fields correlate
strongly, the potential fluctuations on these timescales were not
consistent with the plasma density variations. Instead, wavedriven photoelectron modulations appear to be consistent with
the potential variations [1].

TABLE II.
PARTICIPANTS IN THE US MEASUREMENTS OF ESD
PROPAGATION ON A ROUND ROBIN COUPON [9] [35].
Y. Raitses, A. Chien, and M.
Griswold
K. Steele
J. A. Young and M. W. Crofton
D. C. Ferguson, R. C. Hoffmann
and A. T. Wheelock
J. L. Prebola and D. H. Crider
K. Steele
J. J. Likar and K. August
T. A. Schneider and J. A. Vaughn
J. M. Bodeau
N. Noushkam
B. V. Vayner
S. Close and A. Goel
B. Hoang

PPPL
ATK
The Aerospace Corporation, El
Segundo, CA
Air Force Research Laboratory,
Albuquerque, NM
Aerospace Testing Alliance, AEDC,
Tullahoma, TN
ATK, Goleta, CA
Lockheed Martin Corporation,
Newtown, PA
Marshall Space Flight Center,
Huntsville, AL
Northrop Grumman Aerospace,
Redondo Beach, CA
Orbital Sciences, Huntington Beach,
CA
Ohio Aerospace Institute, Brookpark,
OH
Stanford University, Stanford, CA
Space Systems/Loral, Palo Alto, CA

F. Spacecraft Charge Mitigation
As covered in recent charging guidelines, standards, and
handbooks there are a number of standard methods for
mitigating on-orbit spacecraft charging. Several new areas of
concern, however, have been raised at this conference. As one
example, J. Buhler and D. Trout (NASA, Kennedy Space
Center) and J. Minow (NASA, Marshall Space Flight Center)
have been investigating charging concerns related to launch
vehicles and methods for mitigating those concerns [23]. They
find that charging can become an issue when exposed
insulating materials or ungrounded conductors on a launch
vehicle or a payload designed for use in a benign charging
region are exposed to a hazardous environment during
launch—that is, the launch vehicle and spacecraft must survive
passage through the Earth’s radiation belts during typical
launch trajectories for Earth escape trajectories even though
they will operate in much more benign orbital regimes. The
authors describe the process used by NASA’s Launch Services
Program to evaluate surface and internal charging for a NASA
mission. J. McTernan, T. Brubaker, and S. Bilén of
Pennsylvania State University [32] describe a method they will
be using to limit the effects of contamination on Langmuir
probes. They find that pulsing a contaminated probe can
mitigate the effects of contamination on the probe
measurements and they plan to test their theories on an
upcoming 3-U CubeSat mission being developed by Penn
State. Finally, L. Goembel of Goembel Instruments [18] is
proposing a device that might be used to monitor the absolute
floating potential prior to and during robotic grappling
missions to mitigate the chances of arcing.

D. Material Properties in Plasma
As exemplified by the proceeding, J. R. Dennison’s
Materials Physics Group (Physics Department, The Utah State
University) continues to be a world class leader in materials
testing. Much of their work is currently in support of the James
Webb Space Telescope program which is a beneficiary of their
work. Among the many projects they are reporting on at the
conference are studies of electron emission and transport in
disordered SiO2 and of the defect density of a states model of
cathodoluminescent intensities and spectra in this material
([16], [27], [37]). Electron beam studies show that the
disordered SiO2 is luminescent, varying with beam energy,
current density, temperature, exposure, and wavelength.
E. On-Orbit Investigations
A continuing issue in our field worldwide is the in-situ
measurement of the charging environment and charging
effects. While CEASE and MERLIN have been possibilities
for geosynchronous orbit, there is still the need for sensors
tailored to specific environments like the ISS or jovian
environments. NASA MSFC (L. Habash Krause, J. I. Minow,
and V. N. Coffey) and their partners at the University of
Michigan (B. E. Gilchrist and W. R. Hoegy) are developing a
mission concept that uses a suite of plasma instruments
mounted at the end of the ISS robotic arm to explore the
interaction between the ISS and its surrounding environment
[45]. Called the Situational Awareness Sensor Suite for the ISS
(SASSI), it would be deployed and operated on the ISS
Express Logistics Carrier (ELC) for long-term observations
and the Space Station Remote Manipulator System (SSRMS)
for short-term campaigns. Concerns over on-orbit charging
effects on the Orion crew module are also driving studies,

G. Space Weather and Charging
Although the connection between spacecraft charging and
space weather has been investigated since the early days of the
space program, predicting the space weather responsible for
causing charging and possible extreme conditions are still very
important areas of study today. That connection between space
weather and charging has been recently challenged as will be
discussed by D. Ferguson [36] and needs to be revisited from
time to time. As an example of that relationship, J. Minow and
E. Willis (NASA, Marshall Space Flight Center) and L. Parker
(Jacobs Engineering) [26] revisit the important study of
extreme auroral charging events using data from the SSJ/4 and
SSJ/5 precipitating electron and ion sensors on the Defense
Meteorology Satellite Program (DMSP) satellites. They have
collected a number of examples of auroral charging events
from the DMSP data covering the maximum and mean

3

(Abstract No#137)

Spacecraft Charging Technology Conference 2014 - 137 Paper

potentials, time histories, total charging duration, frame
charging/discharging rates, and locations where the events
were detected. As they note, these results have implications for
the ISS during astronaut EVAs when the astronaut might
experience significant charging.

new effort to establish an International Standard on Spacecraft
Charging that he is leading.
I. Tethers
Of particular note for progress in spacecraft charging in the
US, tethers and the study of tether interactions have seen many
advances. B. Gilchrist and his group at the University of
Michigan and other US groups (e.g., S. G. Bilén and J. K.
McTernan. the Pennsylvania State University) are not only
modeling tether interactions but will be presenting an update
on the Miniature Tether Electrodynamics Experiment (MiTEE)
mission (Bell et al. [39]). The MiTEE is a student-led
technology-demonstration mission being planned at the
University of Michigan that will deploy a small tethered picoor femtosat from a CubeSat. The mission objective is to study
the electrodynamics essential to the operation of a miniature
electrodynamic tether. The Penn State and UMich teams are
additionally working with an extensive team of other of
government, industry, and academia partners led by NASA
Marshall Space Flight Center (MSFC) to develop the PROPEL
(“Propulsion using Electrodynamics”) flight demonstration
mission [47]. This mission will demonstrate the use of an
electro-dynamic tether (EDT) for generating thrust allowing it
to overcome the limitations of the rocket equation. McTernan
et al. [46] will also be reporting on a survey of miniature
plasma contactors for EDT systems. All these efforts point
toward a move to “CubeSat-based”, low cost tether
experiments as opposed to the previous major tether efforts
such the Shuttle-based “Tethered Satellite System” (TSS) of
the 1990’s.

An important component of the space weather and
spacecraft charging relationship is the ability to predict the
relevant space weather conditions necessary to cause charging.
For many organizations NOAA provides a number of services
that provide those parameters. Redmon, Denig, and Green [50]
describe how NOAA is working to safeguard satellites from
the worst aspects of space weather through a variety of satellite
anomaly tools and services. As will be discussed by Y. Zheng
[49], for NASA those services are provided by the Space
Weather Research Center (http://swrc.gsfc.nasa.gov) at NASA
Goddard. The SWRC is part of the Community Coordinated
Modeling Center (CCMC) and provides research forecasts and
notifications for NASA—they help with spacecraft anomaly
resolution, historical impact analyses, real-time monitoring and
forecasting, tailored space weather alerts and products, and
weekly summaries and reports. They have developed a
dissemination system called the Integrated Space Weather
Analysis System (iSWA http://iswa.gsfc.nasa.gov) that enables
monitoring and predicting the spacecraft charging environment
for NASA users.
A novel use of space weather effects and their impacts is
presented by E. Hogan and H. Schaub of the University of
Colorado [24]. They are proposing to use ion and electron
beams to create an “electrostatic tractor” for contactless
tugging and de-tumbling of space debris. By shining an
electron beam on the target, they create a negative charge on it
and a positive charge on the tug resulting in an electrostatic
force. Space weather fluctuations, however, can seriously
affect the performance of such system—an important concern
addressed in their talk.

J. Electric Propulsion
In the last few years with widespread commercial use and
the resounding successes of the interplanetary DS1 and DAWN
missions, electric propulsion has clearly come of age. As
detailed by Likar and his colleagues at Lockheed Martin [11],
commercial organizations are concerned about the extended
use of such systems on GEO missions. In addition to spacecraft
charging, their simulation and ground test studies are taking
long term radiation and thruster exhaust plume effects on the
thrusters and the overall spacecraft into account in developing
systems with operational lifetimes of 10,000 hrs. In another
interesting application of EP technologies, D. Blash (ULA) and
J. Williams (CSU) [19] are employing a tether-derived
simulation tool to explore the use of hollow cathode plasma
contactor system on tethers to allow the tethers to de-orbit
space debris.

H. Standards (Charging environments, simulation, design,
and testing)
The perennial question of what to use as a “standard”
worst-case GEO environment and the resulting frequency of
arcs is a continuing question for the spacecraft charging
engineer. D. Ferguson (AFRL) and I. Katz (JPL) [12] have
addressed this issue by studying the effects of charging on
three typical spacecraft types under a range of proposed worstcase charging environments using Nascap-2k. In related work,
M. Bodeau of Northrop Grumman Aerospace Systems [10]
demonstrates that local measures of geomagnetic activity (e.g.,
magnetograms corresponding to the foot of the magnetic field
line passing through a spacecraft) or auroral arc/X-ray
observations are better indicators of charging then global
indices like Kp. Bodeau has also developed a new method for
assessing sustained arc effects on satellite power systems by
using a solar array diode board to demonstrate them. His
method extends the ISO 11221 from the front side of a solar
array to the backside of the array. As discussed earlier (see
Table 2), a round-robin test program is also underway to see if
different labs get reproducible ISO11221 test results (Young et
al. [35]). Also in support of ISO, D. Ferguson [15] discusses a

The JPL electric propulsion group (Ortega, Katz,
Mikellides, and Goebel [20]) has developed a new, selfconsistent model of a high power Hall effect thruster (HET)
plume. Such a model is needed to predict the interactions
between the upcoming generation of high power thrusters and
large, high voltage solar arrays. The HET plume consists of
energetic main beam (the dominant ion species) and a group of
lower kinetic energy ions generated downstream from neutral
xenon gas atoms by charge exchange (CEX) with main beam
ions and by electron impact ionization. The new model is a 2D, axisymmetric Hall thruster code called Hall2De. It selfconsistently calculates interactions of these components in the
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near-plume, the plume, and in the far field plume. Such
calculations will directly feed into the mission studies for the
proposed Asteroid Recovery Mission NASA is discussing.

Institute in Heidelberg, Germany, using the Van de Graff
generator and vacuum chamber. Iron dust particles were
accelerated up to ~100 km/s at spacecraft targets while sensors
measured the impact plasma properties. Their talk will describe
results from Faraday Plate Arrays (FPAs) positioned so as to
measure the impact plasma’s translational and angular
distributions. Their analysis shows characteristics that are
dependent on material type and charge.

K. High Voltage Solar Array Plasma Interactions
A relative new but potentially critical area of concern for
the spacecraft charging community that has come to the fore in
the last few years is that of the interactions unique to solar
arrays running at 300-800 V for high power solar electric
propulsion (SEP) missions. As noted by D. Goebel and his
team at JPL [38], these utilize flexible blankets that need to
operate in the plasma environment of high power (>10 KW)
Hall thrusters. Their testing of HV solar array coupons in this
plasma environment is addressing several possible failure
mechanisms:
1.

power loss due to parasitic current collection

2.

cell-to-cell or string-to-string arcing during negative
bias

3.

electron current collection heating/damage during
positive bias

Aerospace Corp. (C. Reed, T. Newbauer, R. Briët, and M.
Begert [22] has developed and patented a technique (US
20120072139 A1) for ESD detection and location. They have
applied it to solar panels and are able to analytically relate the
ESD signature to: (a) surface shape, (b) surface material
composition, and (c) discharge origination point. This makes it
possible to catalog ESD signatures for a grid of closely spaced
points on a solar panel and then compute the “distance”
between an actual ESD signature and each of these cataloged
signatures and find the signature in the catalog that minimizes
this “distance.” Preliminary comparisons of predicted
signatures with an actual signature from a solar array panel
coupon showed it was possible to find a predicted signature
that closely matched the observed signature and then predict
the discharge origination point.

They have tested fully encapsulated test coupons at the
highest anticipated thruster-plume plasma densities (>1012 m-3
to 1014 m-3) at voltages from 600-1000 V. These findings are
very useful as they will enable both very-high power arrays
and direct drive configurations for SEP missions.

III.

THE FUTURE?

This review has attempted to cover the truly wide range of
spacecraft charging topics addressed in the USA over the last 2
years. Following on the heels of the successful Kitakyushu
Conference 2 years ago, the results presented demonstrate a
robust and healthy field of study. The question remains,
however, is where should the research go next? A few
suggestions based on how the authors see the field progressing
are addressed below:

J. M. Bodeau (Northrop Grumman Aerospace System) is
studying another aspect of HV solar arrays—sustained arcing
on the array’s backside in LEO [13]. Specifically, on March
12, 2010, two anomalies occurred on NASA’s Aura spacecraft.
A system anomaly in the current and voltage telemetry of one
of the power subsystem array regulator electronic modules
(AREs) at the same time ended with 6 strings of solar cell
current lost. The evidence gathered concluded both anomalies
were caused by a sustained vacuum arc on the array backside.
Given the risk of such sustained arcs, increasing the separation
between power and returns and the allocated magnetic dipole
moment for solar arrays are recommended by Bodeau.
L. Miscellaneous Charging Plasma Concerns
While there are many other areas that have not been
covered in this review that could be included in this section,
two stand out as of special interest. They are 1) Meteoroid
impacts and charging; and 2) Arc discharge location. The last 2
years have shown increased interest in the former issue and, for
the first time, the development of an actual sensor in the
second case. Indeed progress in both areas are somewhat tied
together—meteoroid impacts may provide an appropriate
source of discharges while an arc detection system would be
very useful in quantifying the impacts. The study and interest
in charging effects from meteoroid impacts has recently
become of particular interest as the passage of dust/meteoroid
debris from the Siding Springs comet by Mars this coming fall
is believed to directly threaten the in-orbit assets at Mars.
Ground tests and characterization of hypervelocity impacts are
thus of immediate interest to the space community. P.
Tarantino and S. Close [48] will report on test results of based
on their hypervelocity impact experiments at the Max Planck
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1.

Charge Modeling: In the US, Nascap-2k is currently
the de facto standard for surface charging. Continued
testing in a variety of situations and subsequent flight
verification is vital to the further development of the
code. Secondly, NUMIT and related programs for
IESD need to be similarly developed (we particular
support the development of a 3D modeling capability)
and tested against ground and flight data. Given the
importance of IESD, this issue needs to be much more
thoroughly studied in the coming years.

2.

Ground Testing: The on-going round robin testing of
arc propagation characteristics is critical to finally
developing and validating testing protocols for solar
arrays as part of the ISO 1121 standard. They need to
be completed, documented, and expanded. Facilities
for studying dust charging, particularly as it applies to
the Moon, Mars, and comets, need to be further
developed as this environment poses a particularly
dangerous long term charging environment

3.

Internal Charge Testing: IESD is the major issue for
spacecraft
charging.
Material
testing
and
characterization for IESD properties needs to proceed
hand in hand with the development of the IESD
codes. Measurements of conductivity and, in
particular, radiation induced conductivity need to be
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expanded to cover the entire range of dielectrics used
for spacecraft design. Finally, the measurement and
characterization of actual discharges need to be
addressed so that effects on circuits can be predicted.
4.

5.

6.

7.

Material Properties in Plasma: The proper definition
of surface charging properties of materials is critical
to the accuracy of charging codes. Poor definition can
invalidate the results of the codes. Closely related but
often overlooked is the evolution of the material
properties in time during exposure the space
environment. From radiation damage to surface
contamination or sputtering, surfaces and bulk
properties are well known to vary significantly in
time. With the end of the MISSE series of
experiments, some rapid and expensive means needs
to be developed to both characterize new materials in
space and evaluate the long term variations in known
materials. Perhaps CubeSats may prove of use for
rapid turnaround?
On-Orbit Investigations: On-orbit data and ground test
data often do not agree. Whereas ground test data can
be conducted under controlled conditions, in-situ data
are affected by the many vagaries of the space
weather environment. In addition, accurate in-situ
plasma, radiation, and charging data are a necessity if
anomaly investigations are to be successfully carried
out. These requirements call for the creation of a
compact, low cost set of environmental sensors. To
date the CEASE and MERLIN sensors have fulfilled
this mission but we need to make even more strides in
developing compact and less expensive sensors keyed
to spacecraft charging parameters—we need to push
for sensors on all spacecraft much like the aircraft
“black box”!

8.

Standards: The authors of this review and others have
attempted to define what a “worst case” environment
standard should be. Over the years it has become
evident based on Nascap-2k studies and actual data
that there may well not be a single worst case
environment but different ones for each spacecraft
design or configuration (spinner versus 3-axis
stabilized, solar arrays versus radioisotope power
sources, etc.). This issue needs to continue to be
explored. Finally, the issue of an ISO standard for the
overall area of spacecraft charging has been raised by
Ferguson and we need to support that effort over the
next few years.

9.

Tethers: The field of tether research, following the
TSS experiments, has been slowly progressing. As
evidenced in the collection of papers for this
conference, that is about to change. CubeSats appear
to offer a new way to prototype and test a variety of
tether technologies—we predict that this will be an
area of rapid growth over the next 2 years. We look
forward to great progress in this important part of the
spacecraft charging community.

10. Electric Propulsion: Electric propulsion has come of
age! Of all the fields at this conference it is bearing
the most fruit and will continue to drive the efforts of
many of us over the next 2 years. We believe that the
continuing results from the Dawn mission will
provide a wealth of data for our next conference!
11. High Voltage Solar Array Plasma Interactions:
Closely allied with the growth in electric propulsion is
the need for high voltage arrays to drive those
systems. We are on the cusp of the deployment of
truly huge, high power arrays that will fundamentally
change the way we do business in spacecraft
charging. Given the importance of missions like the
Asteroid Rendezvous Mission, we need to get out in
front of this push or we could see some devastating
losses because of spacecraft charging interactions.

Spacecraft Charge Mitigation: While recent standard,
guidelines, and handbooks have helped define a
number of practical techniques for mitigating
spacecraft charging (and have been largely successful
at accomplishing that goal), they tend to be very
specific to the orbital regime or system. We continue
to need mission specific guidelines such as for launch
vehicles passing through GTO. We recommend
relooking at the requirements for specialized mission
such as for PEO, for lunar orbit, or in the solar wind.
Auroral charging in particular may need to be
addressed as a separate charging concern.

12. Miscellaneous Charging Plasma Concerns: The
Aerospace arc location system needs to be developed
and validated—if it does what it appears to do, it will
greatly improve our ability to evaluate the causes of
arcing on spacecraft and on high voltage solar arrays.
It comes at a propitious time for the development of
reliable high voltage arrays. Finally, a growing area of
concern is the role that hypervelocity impacts may
play in causing charging effects. A number of
missions have reported the measurement of small
plasma pulses on spacecraft antenna systems. While
actual spacecraft loss due to these effects is
circumstantial at this point, we need to continue to
address this issue and establish guidelines for limiting
its effects through both ground tests and in-situ
measurements.

Space Weather and Charging: The space weather
prediction community has come to the realization that
they need to tailor their predictions to the spacecraft
charging community. We, however, need to do a
better job of defining exactly what it is we need from
them. While Kp or Dst have been standard stand-ins
for actual in-situ plasma measurements, it is very
clear that they are often not adequate for charging
studies. We must precisely define the roles that
temperature and current play in estimating charging
and then work with the space weather community to
determine meaningful “indices” that apply to our
computations.

IV.

CONCLUSIONS

This has been an overview of the current state of the art in
spacecraft charging in the United States as of 2014. It based on
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the findings to be reported at the 13th SCTC. Studies ranging
from the effects of meteoroid impacts on charging, new
material characterization studies, and the push toward very
high voltage solar arrays were some of the latest work
reviewed. Examples of recent efforts aimed at evaluating and
upgrading the codes used to predict charging were discussed.
Finally updates to models of internal electrostatic discharging
and advanced charging sensor systems were described. We
concluded with a discussion of where the field of spacecraft
charging within NASA and in the United States may be
heading. The 13th SCTC through these talks offers a unique
insight into the current state of the field of spacecraft charging!
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Charge Modeling
Nascap-2K continues to be US surface charging code of choice. Applied across new
environments:
Juno and Europa jovian missions Including intense VxB effects over poles.
The Solar Probe Plus near the Sun
Also new models will be presented:
PIC code for studying charging in dense, cold plasmas
IESD in low earth orbit under thermal blankets (e.g., NOAA-19).

Ground Testing
Charging for the Moon, Mars, and Comets
USC (Wang) carrying out lab testing and modeling
US Round-Robin testing:
Plasma expansion speed and “Low Earth Orbit” plasma on solar array coupons to
study symmetric plasma expansion
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Participants in the US Measurements of ESD Propagation
on a Round Robin Coupon [9] [35].
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Internal Charge Testing
 Discharges in dielectric tapes, polyethylenes, and polyimides.
 Effects of carbon inclusions (ETFE) to dissipate charge
 Beecken et al. are extending AF-NUMIT2 IESD code to very low electron
fluxes.

Material Properties in Plasma
Utah State is studying electron emission and transport in disordered SiO2
 Cathodoluminescent intensities and spectra ind SiO2 by varying with beam
energy, current density, temperature, exposure, and wavelength.
 Density of state models and temperature dependency of RIC

6

Spacecraft Charging Technologies Conference 2014 - 137 Viewgraph

National Aeronautics and Space
Administration
Jet Propulsion Laboratory
California Institute of Technology

SPACECRAFT CHARGING
IN THE USA—2014

On-Orbit Investigations
MSFC/UMich developing the Situational Awareness plasma Sensor Suite for the
ISS (SASSI)

JSC evaluating the Orion crew module for charging.
Data from the Van Allen Probes show that waves and spacecraft potential
fluctuations on the timescales of <1 second are correlated—reported on this for
ATS 5-6 at first Charging Conference…

SC Charge Mitigation
Buhler, Trout, Minow find charging is an issue for launch vehicles or spacecraft
during passage through the rad belts.

McTernan, et al. describe a method to limit contamination effects on Langmuir
probes to be tested on a CubeSat
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Space Weather and Charging
The connection between space weather and charging was recently challenged—Dale will
address.
Minow, Willis, Parker studying extreme auroral charging and implications for ISS astronaut
EVAs.
NOAA and Space Weather Research Center/CCMC will describe their newest products that
help with anomaly resolution, historical analyses, real-time monitoring and forecasting, and
alerts.
Univ of Colorado proposes using ion and electron beams to create an “electrostatic tractor”
for space debris and addresses space weather effects on the performance.

Standards (Charge Env, Sim, Design, Test)
Ferguson will be addressing what is a worst case by studying charging on different
spacecraft types and the effort to establish ISO standard on Spacecraft Charging
Bodeau finds that local magnetograms or auroral/X-ray observations are better indicators of
charging than global indices like Kp.
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Tethers
Gilchrist et al. are developing the Miniature Tether Electrodynamics
Experiment (MiTEE), a student mission to deploy a tethered Cubesat
Penn State, UMich, MSFC, etc. are developing PROPEL
(“Propulsion using Electrodynamics”) to demonstrate electrodynamic tethers for thrusting

Electric Propulsion
ULA and CSU are exploring hollow cathode contactors to allow
tethers to de-orbit space debris.
Likar et al. are studying long term radiation and thruster exhaust
plume effects on EP systems.
The JPL EP team (Ortega, Katz, Mikellides, Goebel) have
developed a 2-D axisymmetric code to predict interactions between
Hall thrusters and large, high voltage solar arrays.
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HV SA Plasma Interactions

Goebel et al. have tested high power (>10 KW) solar array
encapsulated test coupons at thruster-plume plasma densities >1012 m-3
to 1014 m-3 and at 600-1000 V.
Bodeau reports on 2 anomalies that occurred in 2010 that he believes
were caused by a sustained arc on the array backside.

Misc Charging Plasma Concerns
Stanford continues to study meteoroid impact charging—this is
particularly relevant as debris from the Siding Springs comet as it passes
by Mars this fall may threaten the in-orbit assets at Mars
Finally, Aerospace Corp. has developed an ESD detection and location
system for solar panels
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The Future(1)?
Modeling: Continue testing Nascap-2K and IESD programs (NUMIT), need 3D
capability—verify by ground test and flight
Ground Testing: Continue Round Robin testing to validate ISO 1121. Dust
charging needs to be explored.
Internal Charge Testing: Material characterization for IESD properties needs to
proceed hand in hand with the IESD codes.
Material Properties in Plasma: Radiation damage, surface contamination or
sputtering, surfaces and bulk properties evaluated vs time.
On-Orbit Investigations: In-situ data are a necessity—need compact, low cost
aircraft “black box”!
Spacecraft Charge Mitigation: Mission-specific guidelines and mitigation
procedures.
Space Weather and Charging: SW community needs to tailor predictions to
spacecraft charging and we need to determine “indices” that apply to charging
estimates.
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The Future(2)?
Standards: Need to define what“worst case” environment should be and
develop overall ISO standard for spacecraft charging.
Tethers: CubeSats offer a new way to test a variety of tether technologies.
Electric Propulsion: Electric propulsion will drive our efforts over the next
few years. Dawn mission is providing wealth of data for our next conference!
High Voltage Solar Array Plasma Interactions: Need huge, high power
arrays that will change the way we do business in spacecraft charging.
Critical to Asteroid Rendezvous Mission.
Miscellaneous Charging Plasma Concerns: Need to validate arc location
system. Role of hypervelocity impact plasma in causing SC failures needs to
firmly established. In particular, what level of ESD pulse is required to
actually fail a part?
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Areas we think of special interest:
1. Characterization of new types of spacecraft materials
2. The push toward very high voltage/power solar arrays
3. The continuing evaluation/upgrading of the codes
4.
5.
6.
7.

used to predict surface charging
Requirements for models of internal electrostatic
discharging (3D!)
Low cost, ubiquitous Black Box for spacecraft
Effects of meteoroid impacts on charging
A sensor system for locating arc discharges
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