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Hypervelocity micro particles (mass < 1 ng), including meteoroids and space debris, routinely
impact spacecraft and produce plasmas that are initially dense (~10** m?), but rapidly expand into
the surrounding vacuum. We report the detection of radio frequency (RF) emission associated with
electromagnetic pulses (EMPs) from hypervelocity impacts of micro particles in ground-based
experiments using micro particles that are 15 orders of magnitude less massive than previously
observed. The EMP production is a stochastic process that is influenced by plasma turbulence such
that the EMP detection rate that is strongly dependent on impact speed and on the electrical charge
conditions at the impact surface. In particular, impacts of the fastest micro particles occurring
under spacecraft charging conditions representative of high geomagnetic activity are the most
likely to produce RF emission. This new phenomenon may provide a source for unexplained
RF measurements on spacecraft charged to high potentials. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819777]

I. INTRODUCTION

Large (mass > 107> g) hypervelocity objects, including
meteoroids and space debris, are known to cause mechanical
damage upon impact with a spacecraft. However, due to the
mass flux, spacecraft are much more likely to be impacted
by small (<1 ug) particles that travel with speeds of approxi-
mately 11 to 72km/s.'~> Furthermore, the probability of fail-
ure is much higher during impacts by fast particles due to the
strong dependence between charge production and speed, yet
the resulting electrical effects remain unknown. Previous
efforts have found a temporal link between electrical anoma-
lies and meteoroid shower activity, including anomalies on
Olympus,* Landsat-5, ALOS, and ADEOS-II.° However,
attributing meteoroid impact as the cause of the electrical
anomaly remains weak due to a lack of on-orbit diagnostics.
Furthermore, recent research has shown that the background
sporadic population is actually dominant over shower par-
ticles at sizes <1 ug, suggesting that any attempt to correlate
shower activity to on-orbit anomalies is remarkably incom-
plete due to the much greater probability of impact by these
small particles.>™ It is possible that many of the electrical
anomalies that cannot be temporally associated with solar ac-
tivity may in fact be associated with impacts by small, fast
particles.

Radio frequency (RF) signals have been associated with
hypervelocity particle impacts both in space and in labora-
tory studies. Space experiments include the Voyager plane-
tary radio astronomy experiment as well as more recent
measurements by Cassini and the STEREO spacecraft.
Meyer-Vernet er al.'®"" detected nanoparticles impacts on
STEREO’s S/WAVES instrument, while St. Cyr ez al.'* cor-
related micron-sized dust impacts detected by S/WAVES
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with the white light instrument on the SECCHI suite.
Gurnett et al."* and Wang et al."* used the Cassini Radio and
Plasma Wave Science (RPWS) to detect RF signals during
impacts by dust particles near Saturn’s ring plane. Warwick
et al.">'® and Aubier et al."” also detected radio noise during
Voyager 1 and 2 ring plane crossings at Saturn using the
Planetary Radio Astronomy (RPA) instruments. Ground-
based experiments showing RF detection have been limited
to large hypervelocity particle impacts. Crawford and
Shultz'®'? used the two-stage hydrogen light gas gun at the
NASA Ames Vertical Gun Range to shoot 0.16-0.37 g alu-
minum spheres into powered dolomite targets at speeds rang-
ing from 5 to 7km/s. Magnetic search coils were used to
detect magnetic fields generated by impact plasmas and
charge detection plates were used to measure electric current
as a function of angle and time. Microwave emission has
been measured in experiments at the Institute of Space and
Astronautical Science in Japan using both light gas gun and
rail gun facilities.”** Bianchi er al.** observed RF signals
from impacts of ~1g aluminum projectiles on rocks.
Martelli and Cerroni,25 as well as O’Keefe and Thiel?® in
1995 modeled electromagnetic radiation from fracture of
rock and other brittle materials. Foschini®*’ in 1998 modeled
radiation of electromagnetic energy from plasma clouds
formed by hypervelocity impacts of meteoroids. However, to
date, RF emission from small (mass < 10> g) micro particle
impacts has not been detected in the laboratory.

Upon impact, micro particles produce a gas-plasma
plume that is composed of fragmented, vaporized, and ion-
ized target and projectile material.”® For projectiles exceed-
ing the target material sound speed, the initial plasma
density increases strongly with impact speed (and weakly
with particle mass), becoming comparable to that of the

© 2013 AIP Publishing LLC
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parent solid-phase material; the initial Debye length is much
smaller than the size of the plume.? Laboratory measure-
ments characterizing impact plasma generation®*>? and cra-
ter size>*** indicate that charge production follows a power
law ranging from mv>® to mv*’, where m is particle mass
and v is impact speed. The plasma expands in a collisionless
(i.e., vacuum) environment over nanoseconds, decreasing the
plasma density with a corresponding increase in the Debye
length. Within tens of nanoseconds, the Debye length
exceeds the size of the plasma plume, rendering the plume
transparent to external electric fields. If these external fields
are small, the plasma can continue to expand freely, exhibit-
ing localized oscillations and instabilities that can produce
RF emission in the form of an electromagnetic pulse (EMP);
the plasma maintains general charge quasineutrality as it dis-
sipates. If a large external field exists, the positive ions and
electrons will be swept in opposite directions, creating a sud-
den, bulk acceleration of charge that can also produce RF
emission in the form of an EMP. The EMP, which is a broad-
band electromagnetic burst of energy, can be distorted by
turbulence in the plasma, which produced density irregular-
ities that create regions of weaker and stronger Debye shield-
ing and leads to corresponding asymmetries in the radiated
field. This model of plasma generation and expansion, which
is strongly dependent on impact speed, is valid for even the
smallest hypervelocity particles.

Il. GROUND-BASED IMPACT EXPERIMENT

We conducted a series of experiments in 2011 using a
Van de Graaff dust accelerator at the Max Planck Institute
(MPI) for Nuclear Physics that allowed for vacuum condi-
tions and particle speeds representative of impacts on space-
craft. We had previously conducted an experimental
campaign at the facility in 2010 to characterize the expan-
sion speed of impact plasmas.>> Electrostatic dust accelera-
tors including the MPI Van de Graaff dust accelerator use a
high-voltage device to accelerate charged micro particles.
The micro particles must therefore be conductive, and the
size of the micro particle is intrinsically linked to the speed
because of the dependence on the surface charge to mass ra-
tio. Electrostatic accelerators are the only technology capa-
ble of accelerating micro particles to speeds representative
of the fastest meteoroids, which typically impact spacecraft
at speeds between 20 and 60 km/s.*® Additionally, the lack
of a working fluid in the acceleration mechanism ensures a
clean ambient environment compared to light gas guns,
plasma drag accelerators, and other ground-based hyperve-
locity impact facilities. Mocker et al.>’ provide a compre-
hensive description of the accelerator technology.

The experimental conditions we obtained include (a)
representative micro particle speeds of 3 to 66km/s, (b) a
pressure within the 1.4 m test chamber maintained between
2.5% 10 *Pa and 1.0 x 103 Pa, which allows for vacuum
conditions that permit collisionless free expansion of the
impact plasma, and (c) micro particle sizes, with masses
between 10~ '® and 10~ ' g, that were composed of iron and
impacted, but did not penetrate, a target in the impact cham-
ber. These masses, however, are approximately 9 orders of
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magnitude smaller than what is commonly encountered in
orbit. Due to the nature of the accelerator, the mass and ve-
locity of the micro particles were coupled, such that the high-
est mass particles corresponded to the slowest velocities.

The chamber was instrumented with sensors including
(a) a photomultiplier tube (PMT) to record the optical flash
that occurs upon impact, (b) plasma sensors, including two
retarding potential analyzers (RPAs) or Faraday Plate Arrays
(FPAs) to characterize the net current associated with the
expanding plasma, and (c) six patch antennas tuned to
315MHz and 916 MHz to measure RF emission that were
specifically designed to detect electromagnetic (not electro-
static) emission, as discussed in Sec. V. Although current
technology limits our ability to detect RF at these wave-
lengths in the far-field in any ground-based hypervelocity
chamber, there is no impediment to performing a measure-
ment in the near-field that can produce meaningful under-
standing of the electromagnetic field in the vicinity of the
source. Figure 1 shows the geometric configuration of the
chamber with the targets and sensors. The PMT was a
Hamamatsu model H10721-110, and the patch antennas
were embedded quarter-wave chip antennas surface-
mounted individually on PCBs with low noise amplifiers
(LNAs). The other sensors were custom-built. The targets,
shown in Fig. 2, included passive (un-instrumented) materi-
als, including tungsten, aluminum, and representative space-
craft components donated by Likar of Lockheed Martin, as
well as a target with an active electric field (E-field) sensor,
which was biased to a range of potentials from 0 to =1000 V
to represent spacecraft charging conditions.”® We positioned
an additional E-field sensor similar in construction but ori-
ented to the side and perpendicular to the target (E-field
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FIG. 1. Side view of the test chamber with sensors and targets. The accelera-
tor fires micro particles from right to left. The six patch antennas were spa-
tially distributed throughout the chamber. The targets were oriented +30°
upward from the incident micro particle beam-line. A biasing grid on the
tungsten target with the E-field sensor was suspended 1 mm over the impact
surface and was coupled to the biasing potential. The RPAs were positioned
85 and 65 mm in range at =30° azimuth and 30° elevation from the impact
point, subtending solid angles of 0.29 and 0.18 steradian, respectively. The
PMT was at 110 mm range and 50° elevation from impact point (20° relative
to the target normal). The patch antennas were at 12 to 22 cm range, span-
ning the outward-facing hemisphere relative to the target surface. The E-
field side was positioned 12 mm from the beamline oriented 90° relative to
the target surface and in the vertical plane.
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FIG. 2. Targets used in the experimental campaign. These targets were
mounted on a common frame, which could be translated horizontally within
the chamber to move each target individually into the projectile beam line.
Reprinted with permission from Lee er al., Phys. Plasmas 20, 032901
(2013). Copyright 2013 American Institute of Physics.
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side). The E-field sensors, which are conceptually stub
antennas connected to a low-noise amplifier, provided a mea-
surement of RF signal, independent of the patch antennas,
allowing an estimate of electric charge production and dis-
placement current. The targets were thick enough to appear
semi-infinite to the impacting micro particle; tungsten was
chosen because it is known to produce substantial charge
upon hypervelocity impact.***°

lll. SENSOR MEASUREMENTS

An example of the measurements obtained from the sen-
sor suite in the impact chamber is presented in Fig. 3. These
data were generated by an iron micro particle with a mass of
1.4 x 107" g impacting a tungsten foil at 40 km/s; the foil
was under a grid biased to +1000V, which is equivalent to
biasing the actual target to —1000 V and is representative of
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FIG. 3. Multi-sensor response to a hypervelocity micro particle impact. These data shown without post-processing include simultaneous measurements from
the full sensor suite generated from the impact of a 1.4 x 10~'3 g iron particle traveling at 40 km/s on the E-field target with the target grid biased to 1000 V.
These are from top to bottom: (a) the facility’s particle sensor or Q-pulse (whose pulse width and amplitude scale with speed and charge of the single particle
associated with the impact), (b) the PMT, (c) the 2 RPAs, (d) E-field sensors (target and side), (e) the 916 MHz patch antennas, and (f) the 315 MHz patch
antennas. The three colored panels to the right are sub-microsecond traces of their respective sensors zoomed in to the time of impact. The top, blue panel con-
tains the two E-field sensors ((g) and (h)), while the middle, yellow panel has the three 916 MHz patch antennas ((i)-(k)), and the bottom, pink panel has the

three 315 MHz patch antennas ((1)-(n)).
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a space weather event.'* Data acquisition was managed
using three oscilloscopes with sample rates between 1 and 5
GSample/s. Impact confirmation, as well as characterization
of the micro particles, resulted from analysis of the facility’s
particle sensor. The optical flash in the PMT served as a tem-
poral fiducial for impact, where the moment of impact was
calibrated using coincidence with response from the E-field
sensor. Within nanoseconds of the impact, the patch anten-
nas and the electric field sensors responded. The timing of
this RF signal, in addition to the diverse angular placement
of the antennas within the chamber with respect to the point
of impact, precludes an explanation that the antenna
responded from a direct impact by the electrons and instead
shows that the RF signal is associated with an emissive
mechanism. The patch antenna measured an electric field
with magnitude 1.9 x 107> V/m at a distance of ~30cm
from the point of impact, while the E-field side sensor
detected an electric field with magnitude 1 V/m at a distance
of ~1cm. The patch antennas have a bandwidth that is 10%
of their center frequency; note that for the case of a more
broadband electromagnetic emission (which we expect from
the expanding plasma) the normalization of the amplitudes is
best expressed in V. m ™' Hz~ 2. While the timing of the sig-
nal in the patch antennas and the location of the patches sug-
gest that an emissive mechanism is responsible for the RF
signal, the E-field side sensor is ambiguous and could result
from either an emissive mechanism or direct charge transfer.
Less than 1 ps later, the electrons arrived at the RPA, produc-
ing a large current spike with a peak of 8 nA. The two RPAs
were positioned asymmetrically relative to the impact point
such that a strong grid or target bias would consistently con-
fine the expanding plasma and its charge constituents into
the nearer RPA due to the focusing effect on the plasma. In
contrast, signals were detected in both RPAs when targets
were grounded due to the larger cone angle of the expanding
plasma. A detailed analysis of the RPA measurements is pre-
sented by Lee er al.*!

An example spectrogram of the patch antenna data is
contained in Fig. 4. These include RF emission data meas-
ured simultaneously at 315 MHz and 916 MHz generated by
two particles of similar mass and speed separately impacting
the active E-field target biased to +1000 V on the grid (left)
and the passive tungsten target biased to —1000V (right).
The 315 MHz antennas consistently showed stronger returns
than the 916 MHz antennas when RF emission was detected
at both frequencies. Note that the data were not normalized
for the bandwidth and thus should only be analyzed near the
resonant frequency of the antenna.

Inside the impact chamber were high levels of both im-
pulsive and steady-state electromagnetic interference (EMI),
as is evidenced by the response in the patch antennas. The
ambient EMI environment in the impact chamber compli-
cates the detection of impulsive events. To effectively dis-
criminate impact plasma generated emission from the EMI
background, we developed a classification and excision tech-
nique for the patch antennas, based on a representation strat-
egy called sparse separation. This technique assumes each
data vector can be decomposed into distinct and thus separa-
ble morphological components.*>** By modeling the patch
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FIG. 4. Spectrograms showing RF emission from a 5 x 10~ g particle trav-
elling at 50.4 km/s impacting the E-field target biased to 41000 V (left), and
from a 9 x 107! g particle travelling at 50.7 km/s impacting the passive
tungsten target biased to —1000V (right), generating simultaneous signals
in the 315 MHz and 916 MHz antennas. These include the raw data and have
not been modified to reflect the bandwidth of the sensor.

antenna measurements as a sparse combination of wavelets
and sinusoids, we decompose the signal into periodic signals
and oscillatory packets via convex optimization.*’
Separation based on morphological components improves
our confidence that the events we have seen are significant
and not part of any background noise processes. Fig. 5 shows
the two components overlaid on the raw data recorded from
one of the 315 MHz patch antennas, for the impact shown in
Fig. 1. The repetitive noise as observed here is cleanly sepa-
rated from the single event coincident with impact. The
sparse separation method is capable of both excising periodic
components in the EMI, and substantially reducing the level
of stochastic EMI. The cleaned RF emission associated with
impacts on the gridded tungsten target produced response
typically in both the 315 MHz and the 916 MHz patch anten-
nas, while RF emission detected from impacts on the

10+ —— Raw data
— Wavelets
5
Op
-5
-10

—— Raw data
— Sinusoids

Amplitude [mV]

G 15 20
Time [us]

FIG. 5. Time domain representation of the two morphological components
(red) separated from the raw 315 MHz patch antenna data (blue). The top
panel shows the time domain of the coefficients recovered from the wavelet
components of the dictionary. The impulsive spike near O us corresponds to
time of impact; two other signals, which are not associated with impact,
remain. The bottom panel shows the time domain representation of the coef-
ficients recovered from the Fourier components of the dictionary. The puls-
ing noise and tones are well supported.
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grounded tungsten target produced detectable signals only in
the 315 MHz patch antennas.

During the three-week experimental campaign, over
6000 impact events were recorded. These are distributed
across three primary experimental parameters: target configu-
ration, target bias, and sensor configuration. Target biases
ranging from —1000V to 41000V, including grounded,
were applied, though experimental constraints limited the
number of target-sensor-bias combinations that were tested.
There were 2819 during times when the RPAs were installed
in the chamber; these are further categorized by target config-
uration in Table I. Our detection rate (for all 2819 events) for
each sensor was the following: PMT (optical) = 64%, RPA
(plasma) = 52%, patch antennas (RF) = 1%. However, while
RF emission was detected only sporadically from grounded
targets, it was routinely detected from high-speed particles
impacting highly biased targets. We therefore performed in-
depth analysis on the two configurations where RF emission
was routinely detected by the patch antennas, including
impacts on a +1000V gridded tungsten target and on a
—1000 V bare tungsten target; these total 200 impacts. These
200 impact events are analyzed more fully in Secs. [V-V.

IV. RESULTS

Fig. 6 shows the detection rate for the 200 impact
events shaded as a function of the charge produced by
impacts derived from the relation mv**® used by McBride

Phys. Plasmas 20, 092102 (2013)

and McDonnell.>! We found that plasma (i.e., RPA response)
is detected for impact speeds greater than ~8 km/s and RF
emission is detected for impact speeds greater than ~14 km/s.
A decreased plasma detection rate is expected for slow
impacts, based on the strong dependence of charge pro-
duction on impact speed. However, the mismatch in speed
between when plasma is generated (RPA response) and
when RF is generated by the plasma is indicative of a
more complex phenomenon than just RF power depend-
ence on charge production. To illustrate the experimental
distribution of RF production with particle speed, we
examine the detection rate as a function of impact speed.
The RF detection rates plotted in Fig. 6 as a function of
impact speed are computed as the fraction of impact
events that have an associated RF detection within a slid-
ing window. The width of the window spans a factor of
four and the calculated rate is plotted at the geometric av-
erage of the window limits. These data are shown in Fig.
7, which reveals an increasing trend in detection rate
between impact speeds of 10 and 70km/s; the amplitude
of the measured RF signal does not appear to show a de-
pendence on impact speed. The detection rate plotted at
an impact speed of 20km/s considers all impact events
between 10 and 40km/s. A narrower window was not
effective because of the sparsity of data available for
each specific experimental configuration. The 95% confi-
dence interval around the detection rate, plotted as the
shaded region, is approximated as 1.95(p(1 —p)/n)"/>,

TABLE I. Breakdown of the number of impact events by target configuration including material and bias. RF data were recorded properly for 33 of the 35
impacts on bare tungsten at —1000V and 167 of the 176 impacts on gridded tungsten. These comprise the 200 impacts discussed in Sec. IV. The other 11
impacts in these two configurations did not successfully record the RF signal at the time of impact.

Targets
Standard Conductive Gridded
Bare Bare Solar  Conductive  Uncoated  optical solar  optical solar Tungsten tungsten Copper
tungsten  aluminum  panel solar cell solar cell reflector reflector (E-field 1)  (E-field 1)  (E-field2)  Total

—1000 V 35 24 21 40 120
—-500V 64 64
300V 1 148 72 52 43 147 463
—100V 3 155 158
—75V 17 17
-50V 7 11 18
—40V 18 18
-30V 77 77
GND 288 19 37 104 41 489
+0 V* 20 20
+5V 41 41
+10V 83 133 216
+20V 19 19
+30V 30 30
+40V 46 46
+50V 22 22
+100V 16 64 102 48 230
+500V 38 38
+1000 V 102 19 306 176 122 725
FLOAT 8 8
Total 815 62 148 72 394 145 147 351 301 384 2819

?+0V refers to a configuration where the target bias supply voltage is set to zero, rather than directly shorting the target to the vacuum chamber.
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FIG. 6. Particle mass and velocity with charge production. Impacts occurred
on gridded (+1000 V) and bare (—1000 V) tungsten targets. The 200 impacts
are plotted as a function of particle mass and velocity with impacts on the
bare tungsten target indicated by crosses and impacts on the gridded tung-
sten target indicated by dots. The color of the marker indicates detection by
the plasma and optical sensors; grey indicates no detection, blue indicates
detection by the PMT, orange indicates detection by at least one RPA, and
purple indicates detection by both PMT and RPA. Markers circled in green
had an associated RF emission. The expected impact plasma charge pro-
duced is plotted as the shaded background in number of electrons. Because
of the nature of the accelerator, the slower particles are also the more mas-
sive ones and produce 2-3 orders of magnitude less charge than the fastest
particles.

based on the assumption of a Bernoulli process where p
is the calculated detection rate within a window and n is
the number of events in the window.

V. INTERPRETATION

With the advent of the success of the cell phone indus-
try, a strong motive has emerged to develop RF antennas
that are small with respect to the wavelength. Consequently,
the technology has moved in the direction of the patch
antenna, which is a magnetically tuned circuit, much akin to
a classical inductor-capacitor “tank circuit” (used in the
description of electronic oscillators used when they were
building radios with tubes). At RF frequencies, the inductor
and capacitor in the tuned circuit are composed of planar cir-
cuit elements that are chosen to resonate at the frequency of
interest. Consequently, they have a bandwidth that is rela-
tively narrow compared to the RF frequency, but their reso-
nant character is especially effective at coupling to the
electromagnetic field of propagating RF waves in their vicin-
ity. This coupling is especially strong at the resonant fre-
quency and in traditional terms where the size of the
aperture relative to the wavelength represents efficiency, it is
found that with patch antennas this efficiency approaches
unity.*®

Analyses of both the RPA and patch antenna response
allow us to diagnose the mechanism for RF emission. The
RPAs measured electron current pulses from both the posi-
tively biased gridded target and the negatively biased bare
target, and measured positive ions from impacts on targets
that were positively biased. Additionally, grounded targets
produced RPA measurements that were consistent with our
model of electrons arriving first, due to their higher thermal
velocities, followed by an ion front. These measurements
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FIG. 7. RF detection rate as a function of impact speed for impacts occur-
ring on gridded (41000 V) and bare (—1000 V) tungsten targets. Rates were
calculated using a moving average with a window of a factor of 4 around the
impact speed. The shaded region associated with each trace indicates the
95% confidence interval around the detection rate.

confirm plasma generation and show that the EM phenom-
enon detected in the patch antennas is a result of the impact
plasma, not simply a discharge of the target material. Further
corroboration of EM radiation comes from the nature of the
patch antennas. For these antennas, their aperture efficiency
is approximately that of an aperture the size of the wave-
length of the antenna’s center frequency, even though the
size of the patch is substantially smaller than the wavelength.
The patch achieves this performance via a resonant spatial
structure optimized to absorb propagating electromagnetic
waves, not static electric fields. However, we must also
examine the location with respect to near-field and far-field
propagation. The transition between these two regions is
commonly understood to be 2D2//1, where D is the character-
istic scale of the source and 4 is the wavelength of the radia-
tion. As D approaches zero, the source becomes an
infinitesimal dipole and the EM waves become classical
Huygens wavelets. In the case of impact plasma, we have
one Huygens source where the wave fronts are expanding
spherical surfaces. Our source could potentially produce
purely electrostatic or magnetostatic waves, or electromag-
netic waves. These waves will all flow outward from the tar-
get on spherical wave fronts and illuminate the patch
antennas; however, the response of the patch antenna will be
weak if the wave is electrostatic. If, however, the patches’
structures are illuminated by an EM wave at or near the
design frequency, their output will have captured the EM
wave’s energy over an equivalent aperture the size of the
EM’s wavelength. From the magnitude of the response we
observed, it is reasonable to conclude that the patch antennas
responded to illuminating EM waves. Future experiments
will continue to focus on this aspect of impact plasma
emission.

Previous experimental work has detected RF emission
from hypervelocity impacts, but from macroscopic particles
greater than 0.1 g traveling at speeds <10km/s,*** which
are ten to 15 orders of magnitude more massive and about a
factor of 3 slower than the particles used herein. The
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resulting RF emission from these massive particles was
instead attributed to microcracking in the target on the scale
of 1 um and with no plasma production.*’ This hypothesis is
not relevant or possible for our experiments, where the parti-
cle masses are insufficient to produce structural breakdown™*®
on the spatial scale attributed to microcracking. Analysis of
our target material using an electron microscope with better
than 1 um resolution showed no obvious cratering within the
material. Additionally, the RF emission in these previous
measurements were detected in a collisional environment
with ambient pressures of ~10Pa; at such pressure plasma
charge motion is disrupted by collisions with neutrals in the
residual atmosphere. A more physically reasonable explana-
tion of the EMPs we observed is that the RF emission is a
direct result of charge motion in the expanding plasma that
was detected using our multi-sensor suite. RF emission is not
detected with every confirmed impact, which also supports
an instability-driven process within the plasma.

VI. CONCLUSIONS

We have detected EMPs associated with micro particle
impacts on biased spacecraft surfaces. Based on meteoroid
flux models and measurements,*” a 10~° g meteoroid will
impact a 1 m? spacecraft approximately once every day in
near-Earth space, potentially producing an EMP with each
impact under the appropriate speed and bias conditions; note
that the sporadic (not shower) meteoroid population domi-
nates at these sizes. We have shown that fast micro particles
(>20km/s) impacting biased surfaces pose the greatest threat
to spacecraft because the rate of EMP emission is much
higher. Future work includes investigating the pathway
through which these electromagnetic fields can cause space-
craft anomalies, as well as analysis of the grounded targets.
We recommend that future spacecraft survivability and
design studies consider this mechanism.
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