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Faraday Plate Array Analysis of Hypervelocity
Impact Experiments
Paul Tarantino, Nicolas Lee, Sigrid Close, and David Lauben

Abstract— The space environment contains many hazards to
spacecraft. Meteoroids, which are a component of the space
environment, travel up to 72.8 km/s and can strike satellites and
space vehicles. Upon impact, both projectile and spacecraft
materials vaporize and ionize, resulting in an expanding plasma
that may interfere with onboard sensors and equipment. These
hypervelocity impacts have potentially been the source of
unexplained electronic anomalies. To verify and understand this
phenomenon, hypervelocity impact experiments were conducted
at the Max Planck Institute for Nuclear Physics in Heidelberg,
Germany in 2011. Using their Van de Graaff dust accelerator
and vacuum chamber, iron dust particles were accelerated at
representative spacecraft material targets while a suite of sensors
measured impact plasma properties. Among these sensors are
array of charge collecting plates, termed Faraday plate arrays,
positioned to describe the plasma’s translational and angular
distributions. Analysis of these data shows characteristics that
are dependent on material type and charge.
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Figure 1 Hypervelocity impact plasma formation and RF emission
process. (a). Meteoroid impact. (b). Plasma formation. (c). Initial
expansion. (d). RF emission. [4]

In the past, electrical anomalies have led to failed
spacecraft or reduced mission lifetimes as exemplified by
ADEOS II and Olympus-1. ADEOS II is a climate remote
sensing satellite launched in 2002 that experienced power
failure during the Orionid meteor shower in 2003, prematurely
ending the mission [5]. Olympus-1, a communications satellite
launched in 1989, lost attitude control during the 1993 Perseid
meteor shower [6]. Much of the onboard fuel was expended to
stabilize the spacecraft, leading to early mission termination.
Neither failure, however, can be definitively attributed to a
meteoroid strike.
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INTRODUCTION

A spacecraft’s operational environment is riddled with
numerous hazards that may jeopardize the vehicle’s
performance. Among these threats are meteoroids, which are
small naturally occurring solid dust particles, which can travel
at speeds up to 72.8 km/s. While large meteoroids pose a
mechanical threat to spacecraft during an impact event, the
likelihood of such an occurrence is rare. Contrastingly,
meteoroids ranging from 1 μg to 1 pg have a high impact
probability. The damage to spacecraft associated with these
events is not mechanical in nature but electrical since the
charge generated through an impact is a strong function of
velocity [1]. After a meteoroid and spacecraft collide, a dense
plasma composed of both impactor and spacecraft materials is
formed and expands into the vacuum of space. Due to their
smaller masses, electrons within the plasma have a higher
thermal velocity and begin the expansion process. The electron
motion induces an ambipolar electric field that retards the
further loss of electrons and accelerates the expansion of the
ions. The motion of these charged particles can produce an
electromagnetic radio frequency (RF) wave that may propagate
into the spacecraft bus and damage vulnerable electronic
components [2, 3]. This process is depicted in Figure 1 [4].

II.

EXPERIMENTAL DESIGN

Risk to spacecraft can be mitigated through a better
understanding of hypervelocity impact plasma. By obtaining
data on the plasma’s formation, expansion, radiative
mechanism, spatial distributions, and composition for different
spacecraft materials and bias voltages, we can design
protective measures for spacecraft.
A. Facilities
Ground-based experiments can be classified according to
the mass and speed of the impactor. Figure 2 illustrates the
mass and velocity regimes achieved by different ground-based
facilities and their comparison to a portion of the distribution of
meteoroids in space. As seen in Figure 2, it is difficult to fully
replicate the true velocity and size of the meteoroids using
ground-based facilities. Because simulations show RF emission
is only possible with impactor velocities above 14 km/s, the
experiment requires a ground-based facility that utilizes an
electrostatic accelerator, even though the mass range is orders
of magnitude lower than what would be seen in space [7].
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FPA-range (FPAR) and FPA-theta (FPAT) respectively.
FPAR, which is beyond the scope of this paper, measures the
incident plasma at different radial locations from the target by
utilizing an array that approximately subtends the same solid
angle. FPAT measures the incident plasma along the azimuth
using an array of Faraday plates placed at different angles with
respect to the target normal but at the same distance from
impact point as shown in Figure 4. The Faraday plates measure
.037 m in diameter and were placed at ±23° and ±68° with
respect to the target normal. However, instabilities in the op
amp associated with the +68° plate limits data to the ±23° and
-68° plates.
Figure 2 Particle mass and velocity regimes attained using groundbased accelerators and by meteoroids [4]

The facilities at the Max Planck Institute for Nuclear
Physics (MPIK) in Heidelberg Germany were chosen because
their Van de Graaff accelerator was capable of attaining the
proper speeds required for RF emission. In addition, the
personnel at the facility had experience calibrating and testing
mass spectrometer sensors as well as investigating cratering
and charge deposition in previous experiments [8-11]. The
distribution of the iron dust particle masses and velocities for
the duration of the experiment is shown in Figure 3.
(a).

(b).
Figure 4 FPA sensor (a). and vacuum chamber positioning (b). [12]

Figure 3 Particle mass and speed distribution at MPIK [4]

III.

B. Faraday Plate Array
A suite of sensors was placed inside the chamber including
retarding potential analyzers (RPAs), a photomultiplier tube,
several RF patch antennas, and two different geometries of
Faraday plate arrays (FPAs). Additionally, active electric field
sensors were used as targets. With respect to a Faraday cup, an
element of the FPA is identical, except a metallic disk or
“plate” replaces the cup. The FPAs function by collecting the
plasma (i.e. charge) along the front of each plate. The charge
collected by each plate is immediately amplified and buffered
by electronics behind the plate, then exported from the
chamber via a shielded differential pair cable, and captured by
an oscilloscope.
FPAs were used to characterize both the range and
azimuthal dependence of the plasma. The sensors are labeled

EXPERIMENTAL RESULTS

A. Data
During the experiment, iron dust particles impacted typical
spacecraft target materials, donated by J. Likar from Lockheed
Martin. Each target was biased to represent different spacecraft
surface charging conditions. In total, the FPAT was used to
collect data for approximately 2300 particles shot at five target
types with a possibility of seven different bias levels. The
target materials chosen were tungsten (TGT-W), a LEO solar
cell (LM-SC-LEO), a conductively coated optical solar
reflector (LM-OSR-Con), an active E-field sensor with a
copper pad above the sensor surface (SRI-F-Cu), and an active
E-field sensor with a metallic grid 1 mm above the sensor
surface (SRI-T-CuGrid) with biases of -1000V, -300V, -20V,
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elements of characteristic profiles but too poor a signal to noise
ratio to definitively conclude the presence of a signal in any
plate were excluded from this analysis. This process further
reduced the number of usable FPAT runs to 140.

0V (grounded), 50V, 300V, and 1000V. Examples of FPAT
data are shown in Figure 5 and Figure 6.

Analysis of the FPAT data shows that the measured
azimuthal distribution of the resulting plasma is not
symmetrical. For a symmetric incident plasma, the expected
number of detected signals for the ±23° plates should be
approximately equal. Table 1 and Table 2 show the number of
non-detected runs for -23° and +23° respectively.
Target Materials

Target Bias (V)

Figure 5 FPAT data example generated by a dust particle, with a
mass and velocity of 8.64E-14 g and 9.4 km/s respectively, impacting
a tungsten target biased to -1000V (-68° - top, -23° - middle, +23° bottom)
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Table 1 Number of non-detected signals for -23° plate for different
target materials and biases. Total non-detections = 48

Target Materials

Target Bias (V)

Figure 6 FPAT data example generated by a dust particle, with a
mass and velocity of 2.01E-15 g and 40.5 km/s respectively,
impacting a LM-SC-LEO target biased to 0V (-68° - top, -23° middle, +23° - bottom)

As seen in the examples, data for each plate varies with
target material type and charge as well as particle velocity.
Figure 5 and Figure 6 illustrate signal size, shape, and
magnitudes differ across plates and between runs.
B. Analysis
Cases where the particle’s mass or velocity was not
determined by the facility’s sensors before impact are excluded
from this analysis and reduced the number of valid FPAT runs
from 2346 to 791. Then, each of these valid runs had to be
manually examined to ascertain if a signal was present in any
of the three plates. This determination required several passes
through the data. First, characteristic signal shapes were
observed for each material type and charge. These profiles are
especially apparent for high velocity impact events since the
production of more plasma generates more prominent FPAT
responses. Then, a signal was deemed to exist if a
characteristic shape was recorded in one of the plate responses.
The time of the signal was also correlated with an optical flash
measured by the photomultiplier tube. Runs containing
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Table 2 Number of non-detected signals for +23° plate for different
target materials and biases. Total non-detections = 17

However, because there are 48 cases where the Faraday
plate at -23° did not experience a noticeable signal that was
seen in another plate or plates(s) versus the 17 instances for the
+23° plate, we can conclude the plasma is not distributed
evenly over the azimuth. It is also interesting to note the
conditions of the number non-detected signals for the two
plates. Ninety-four percent of the -23° cases are exhibited for
tungsten and SRI-T-CuGrid target materials while all of the
+23° instances were for LM-SC-LEO, LM-OSR-Con, and
SRI-F-Cu targets. This asymmetry can be the result of an
asymmetric electric field caused by the vacuum chamber shape
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ruled out since their high thermal velocity would have caused
an initial negative spike instead of one at the signal’s end. In
the opposite case as in Figure 8, a positive signal could be the
result of secondary electron emission on the FPAT surface.
The impingement of high-energy electrons may cause the
removal of one or more electrons from the FPAT surface and
would cause the apparent signal to become more positive, even
though positive ions are not striking it. Alternatively, cations
produced during plasma formation may have expanded into the
sensor instead of being drawn to the target. The reason for this
response is also under investigation.

and the placement of other sensors within the chamber. This
asymmetric field would apply an asymmetric set of forces to
the particles that preferentially steers particles to the +23°
plate. Alternatively, this distribution may have resulted from an
asymmetric plasma expansion. The basis for this response is
still under investigation.
Furthermore, when a target is biased, the expected response
polarity should be of the same polarity as the target. For
instance, the observed FPAT signal for an impact on 1000 V
biased target should only contain contributions from the
positive ion constituents. The negatively charged particles
should be drawn to the positively charged target after plasma
formation. Corresponding behavior is also true for negatively
biased targets. The expected response measured by the sensor
should be negative, and the positive particles should be
attracted to the target surface. However, Figure 7 and Figure 8
depict cases where a negative signal is apparent on the FPAT
for a positively biased target and where a positive signal is
present on the FPAT for a negatively biased target.

To obtain a more fundamental idea of the hypervelocity
impact plasma phenomenon, a 0V biased target may provide
the clearest results. In these cases, plasma species will freely
expand without the ambiguity of the target bias’s influence on
particle trajectories. Figure 9 displays a representative FPAT
response. Of the twenty-four 0V biased runs, only two, those
using SRI-F-Cu targets, had anomalous responses as shown in
Figure 10.

Figure 9 Typical FPAT result generated by a dust particle, with a
mass and velocity of 1.00E-15 g and 45.4 km/s respectively,
impacting an LM-OSR-Con target biased to 0V

Figure 7 Negative signals detected in all three plates generated by a
dust particle, with a mass and velocity of 2.18E-12 g and 5.4 km/s
respectively, impacting an SRI-T-CuGrid target biased to 1000V

Figure 10 Anomalous FPAT result generated by a dust particle, with
a mass and velocity of 1.88E-15 g and 33.1 km/s respectively,
impacting an SRI-F-Cu target biased to 0V

Figure 8 Positive signal detected in +23° plate generated by a dust
particle, with a mass and velocity of 4.27E-14 g and 13.0 km/s
respectively, impacting an LM-SC-LEO target biased to -300V

Although there are variations in peak values and number of
peaks, Figure 9 and Figure 10 depict the general behavior for
multiple impact events of 0V biased targets. Figure 9 is
characterized by a sharp initial negative spike response

In Figure 7 and similar instances, a possible explanation
may be that not all the anions are attracted to the target after
plasma formation. A negative signal caused by electrons is
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immediately followed by a positive peak that slowly decays.
The responses described by Figure 10, on the other hand, do
not have an initial negative spike and instead are positive.
IV.

0V biased targets, a majority of the results indicate an electron
front precedes positively charged ions, and anomalous plume
geometries may be the product of the plasma coupling with
the instrumented SRI-F-Cu target.

DISCUSSION
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