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Space weather including solar activity and background plasma sets up spacecraft conditions that
can magnify the threat from hypervelocity impacts. Hypervelocity impactors include both
meteoroids, traveling between 11 and 72 km/s, and orbital debris, with typical impact speeds of
10km/s. When an impactor encounters a spacecraft, its kinetic energy is converted over a very short
timescale into energy of vaporization and ionization, resulting in a small, dense plasma. This
plasma can produce radio frequency (RF) emission, causing electrical anomalies within the
spacecraft. In order to study this phenomenon, we conducted ground-based experiments to study
hypervelocity impact plasmas using a Van de Graaff dust accelerator. Iron projectiles ranging from
107 g to 107" g were fired at speeds of up to 70km/s into a variety of target materials under a
range of surface charging conditions representative of space weather effects. Impact plasmas
associated with bare metal targets as well as spacecraft materials were studied. Plasma expansion
models were developed to determine the composition and temperature of the impact plasma,
shedding light on the plasma dynamics that can lead to spacecraft electrical anomalies. The
dependence of these plasma properties on target material, impact speed, and surface charge was
analyzed. Our work includes three major results. First, the initial temperature of the impact plasma
is at least an order of magnitude lower than previously reported, providing conditions more
favorable for sustained RF emission. Second, the composition of impact plasmas from glass targets,
unlike that of impact plasmas from tungsten, has low dependence on impact speed, indicating a
charge production mechanism that is significant down to orbital debris speeds. Finally, negative ion
formation has a strong dependence on target material. These new results can inform the design and
operation of spacecraft in order to mitigate future impact-related space weather anomalies and
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failures. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794331]

I. INTRODUCTION

Space weather describes the coupled behavior of space
plasmas, electromagnetic fields, and energetic particles
between the Earth and the Sun. It includes effects, such as
solar activity and plasma interactions, that can subject space-
craft to conditions near their design limits. Impacts of mete-
oroid or debris (hypervelocity impactors) on spacecraft
under these conditions can cause electrical damage in addi-
tion to the better-known risk of mechanical damage. In par-
ticular, small, fast impactors (<1 ug) are common and pose a
risk of electrical damage through electromagnetic radiation,
despite being too small to puncture a spacecraft surface. To
assess the risk of electrical damage from hypervelocity
impact, we conducted experiments leading to detection of
impact-related radio frequency (RF) emission. Here we pres-
ent the first characterization of the plasma produced by these
impacts, including plasma composition and temperature, to
link the plasma expansion dynamics to RF emission.

This work is a first step toward developing spacecraft
requirements for shielding from impact-related electrical dam-
age. This currently does not exist even for the International
Space Station (ISS), which is protected against mechanical
damage from up to l-cm aluminum spheres impacting at
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debris speeds. Specifications for military and ISS systems
(MIL-STD-461E and SSP 30237) stipulate that systems be
immune to radiated electric fields of up to 20 and 250 V/m,
respectively. Specifications for immunity to transient radiated
fields (which is what an impact would produce) are not
applied to military spacecraft systems although the ISS
imposes limits on susceptibility to transient magnetic fields.

Without adequate shielding, the consequence of electri-
cal damage from hypervelocity impact can be severe, as
illustrated by satellite anomalies correlated to meteoroid ac-
tivity. The Olympus spacecraft lost attitude control due to a
gyro anomaly during the 1993 Perseid meteoroid shower.'
Although control was restored, the anomaly terminated the
mission. The ADEOS 2 and ALOS satellites experienced
power system failures during the 2003 Orionids and the 2011
Lyrids, respectively, and both spacecraft were lost. In 2009,
a gyro anomaly occurred on the Landsat 5 spacecraft, again
during the Perseids. Unfortunately, our limited ability to
diagnose failures in space precludes unambiguous identifica-
tion of impacts as the root cause.

When a hypervelocity impactor hits a spacecraft, it
forms a dense plasma. Previous work has led to empirical
relations for impact charge production Q. These typically
take the form Q oc m*vf where m is the impactor mass and v

© 2013 American Institute of Physics
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is the impact speed. McBride and McDonnell* reported val-
ues of o = 1.02 and f§ = 3.48, though others** have spanned
the range 2.8 < f§ < 4.8. Foschini® showed that the charge
produced by meteoroid impacts could theoretically generate
RF emission exceeding the noise level of spacecraft systems.
Through ground-based testing, researchers have measured
RF emission from hypervelocity impacts on rocks® and optical
emission from impacts on metallic targets.” However, little
research has focused on RF emission from hypervelocity
impacts as a mechanism of electrical damage to spacecraft sys-
tems. Starks er al® reported inconclusive results from their
experiments seeking RF emission although microwave emis-
sion attributed to microcracking of the target material has been
measured by Maki ez al.” These experiments used light gas gun
and rail gun facilities with projectile masses of ~1 g, impact
speeds of 1-12km/s, and chamber pressures of ~0.1 mbar,
which is not representative of hypervelocity impacts in the vac-
uum of space. No previous study has detected RF emission
through impact plasma effects, which is the focus of this work.
Section II discusses the space weather conditions and
the impactors that can affect a spacecraft and a theoretical
model for RF emission. Our hypervelocity impact experi-
ment is described in Sec. III. Section IV introduces two theo-
retical models that are used to describe the expanding
plasma, and Sec. V discusses the plasma composition and
temperature from our experimental measurements. Finally,
Sec. VI suggests how this research can inform design and
operation of spacecraft to mitigate this threat.

Il. BACKGROUND

A principal effect of space weather on spacecraft is sur-
face charging, caused by plasma bombardment and photoem-
ission. The interaction of the spacecraft with the plasma
environment can result in a sheath around the spacecraft as
well as a trailing wake, where the plasma is perturbed from
ambient conditions.'®'? The resulting electromagnetic
fields, which can be time-varying and non-uniform, as well
as expansion into an ambient plasma, can modify the motion
of an impact plasma or result in instabilities.

Meteoroids are naturally occurring solid bodies in the
solar system, defined as smaller than asteroids (<1-10m)
and larger than atoms. Most meteoroids travel at speeds
between 11 and 72.8 km/s. However, meteoroids smaller
than ~1 um, for which photon pressure and electrodynamic
forces exceed gravity,'® as well as interstellar meteoroids
that originate outside the solar system,'* could produce
greater impact speeds. The number flux of meteoroids is
roughly inversely proportional to the mass of the meteoroid
squared.'® This dependence is more commonly reported as a
cumulative number flux where the total number of meteor-
oids with mass greater than a given mass m is proportional to
m~'. For example, Close et al.'® report an exponent of
—0.94 + 0.2, while Brown et al.'” report an exponent of
—0.90 = 0.03. The distribution of small meteoroids and in
particular the interstellar population is not well character-
ized, in part due to instrument biases.'®

Orbital debris includes all the non-functioning objects
derived from human activity in space. The population is
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predominantly in low Earth orbit (LEO) and includes objects
ranging from small paint chips up to discarded rocket bodies.
The average impact speed in LEO is approximately 10 km/s."?

Hypervelocity impact plasmas are composed of material
from the impactor and the impact surface, and are formed
through partial conversion of kinetic energy into vaporiza-
tion and ionization energy.’’' The initial plasma is highly
collisional and quickly equilibrates. As it expands, the colli-
sion rate falls, allowing free electron oscillation at the
plasma frequency.?” This can result in RF emission. The col-
lision rate, expansion speed, and consequently the emission
spectrum are determined primarily by the composition and
temperature of the plasma. As the plasma rarifies, external
fields can separate the plasma species by their mass and
charge, producing further RF emission through a current
pulse.

lll. HYPERVELOCITY IMPACT EXPERIMENTS

We studied the plasma expansion and associated RF
emission from impacts under a range of surface charging
conditions, through experiments conducted in 2011 using a
Van de Graaff dust accelerator at the Max Planck Institute
for Nuclear Physics.

The accelerator is described in detail by Mocker et a
Positively charged dust particles are accelerated through
electrostatic repulsion from a 2 MV terminal. Each particle’s
speed is limited by its maximum surface charge, based on
the conversion of electrical potential energy into kinetic
energy. In this experiment, iron particles were used; Figure 1
shows the particle distribution and the corresponding theoret-
ical charge production. The particles impact a target inside a
1.4m test chamber. Our tests were conducted at pressures
between 3.0 x 107® and 1.0 x 107> mbar, corresponding to
a mean free path longer than the chamber diameter and
allowing for free expansion of the impact plasma, similar to
conditions on orbit.

1.23

A. Impact targets

The targets (Figure 2) were selected to study impacts on
spacecraft materials as well as bare metals. To provide a ge-
ometry representative of spacecraft, most of the targets were

100k

Projectile mass [g]
Charge [el]

20k

-
o

3 9 25 70
Impact speed [km/s]
FIG. 1. Projectile distribution, color-coded for theoretical charge production

using the relation Q ~ m!'92p34%_ Note the strong dependence of speed and
mass.
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FIG. 2. Impact targets used in the experiment.

used without any accelerating or focusing grids. Surface
charging through space weather was simulated by biasing
the targets using a high-voltage supply. Tungsten and alumi-
num samples were used as baseline targets and were biased
through a current-limited connection to the high-voltage sup-
ply. Samples of representative spacecraft materials were
donated by Lockheed Martin, including solar panel substrate,
two solar cells (one with uncoated cover glass in a LEO con-
figuration, and the other with a conductive coating in a GEO
configuration), and two optical solar reflectors (OSRs), with
and without a conductive coating. The aluminum honeycomb
within the solar panel substrate and the interconnects on the
solar cells were connected to the high-voltage supply. The
OSRs were placed on top of the solar cells but were not
directly connected to a bias voltage. Several configurations
of an active target were used, with an electric field (E-field)
antenna as the target surface. One of these electric field sen-
sors was the only target to use an accelerating grid. In this
paper we limit our discussion to impacts on tungsten and on
the spacecraft materials in order to understand how plasma
parameters vary with target material and bias, and impact
speed.

B. Sensor suite

Impact events were observed by optical, RF, and plasma
sensors, arranged around the 30° inclined target (Figure 3). A
photomultiplier tube detected optical emission and provided
impact timing. Six patch antennas tuned to 315MHz and

Patch —
antennas T X Ve Photc;mbultiplier
ube
A Retarding
Expanding plasma j -\ ap:a:ﬁ/r;tlear!s

I

Projectile beamline

FIG. 3. Sensor configuration within the test chamber.

Target J\(
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916 MHz were arrayed to record RF emission. These frequen-
cies span a range from a wavelength close to the chamber
dimensions up to the bandwidth limit of the oscilloscopes
used. Two electric field sensors served as targets while
another two observed radiated electric fields. Three different
plasma sensors were designed and built at Stanford University
to measure the net current produced by the expanding plasma.
The RF detection by the patch antennas was limited to fast
impacts on highly biased tungsten targets. Here we focus on
plasma measurements to compare these impact conditions
with other materials, target biases, and speeds.

Of the three plasma sensor arrangements, a set of two
retarding potential analyzers (RPAs) was first placed in front
of the impact point at distances of 65 and 85 mm and at an
angle of 30° in azimuth from the target surface normal vector.
The RPA design is conventional and similar to that described
by Heelis and Hanson.?* However, most impacts (including
all results discussed in this paper) were recorded with all grids
set at chamber ground potential to measure the net current de-
posited on the collector. The collector plate is a plated pad on
a printed circuit board. It is connected to a transimpedance
amplifier that converts the deposited current into a voltage sig-
nal. The amplifier’s frequency response is well represented by
a third-order linear time-invariant system with maximum gain
between 10Hz and 1 MHz. This was validated through simu-
lation and calibration using an electron gun.

The RPA pair was then replaced with a set of four
charge-sensitive plates arrayed at constant distance but vary-
ing angle and finally a set of four plates arrayed at constant
angle but varying distance from the impact point. These
were identified as Faraday plate arrays (FPAs) spanning theta
(angle) and range. These were designed and built to make
measurements of the impact plasma with different collector
geometries. The sensors use the same amplifiers as the
RPAs, while each collector plate is a circular copper sheet
and is shielded behind by a grounded copper cup. FPA-theta
has four collectors positioned at = 23° and * 68° in azimuth,
and FPA-range has collectors positioned 30, 50, 60, and
90mm from the point of impact, which are sized to span
approximately constant solid angle. The three plasma sensors
are shown in Figure 4.

C. Experimental results

During the experimental campaign, over 6000 impact
events were recorded, spanning target materials, bias config-
urations up to = 1kV, impact speeds from 2—-60km/s, and
projectile masses from 0.1 fg to 10pg (10 ° to 107" g). A
summary of the 3348 impacts on the targets discussed in this
paper is presented in Table I. The bare tungsten target was
selected for a focused study of the effect of target bias. The
spacecraft materials were uniformly tested at a representative
negative bias of —300V. Two of the spacecraft materials
(the LEO solar cell and the standard OSR) were selected for
analysis of positive ion composition using a bias of +100 V.
The LEO solar cell was also studied under a range of lower
negative biases. Figure 5 shows unprocessed plasma, optical,
and RF measurements from one event with detected RF
emission. The signal amplitudes are plotted as the measured
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FIG. 4. Photos of the plasma sensors in the chamber, from top to bottom:
(a) RPAs, (b) FPA-theta, and (c) FPA-range.

voltage at the oscilloscopes. This was a 3.9 fg projectile hit-
ting a —1kV biased tungsten target at 35.3 km/s. The RPAs
detect an electron pulse correlated in time with the RF emis-
sion detected at 315 MHz. To understand the characteristics
of the impact plasma during the time that it is producing this
RF emission, we connect the relevant plasma parameters to
the measurements made by the RPAs using physics-based
models.

IV. PLASMA EXPANSION MODELS

Hypervelocity impacts produce plasmas that are initially
extremely dense (~10m~3) but small (~1 um), limiting
our ability to directly measure the plasma until it has
expanded and rarified. In this section, one model is presented
to link experimental measurements to plasma composition
and final temperature, and then a second model to establish
the plasma temperature earlier in the expansion process.

As the plasma is formed and reaches thermal equilib-
rium, its motion can be described by the plasma momentum
equation for each species

mn{—v—&—(ﬁ-@)ﬁ} = qn(E + 7 x B) + mng

—V P + mnvt. (1)

Phys. Plasmas 20, 032901 (2013)

TABLE I. Summary of impact measurements on the materials discussed in
this paper.

Targets

W SP SC-GEO SC-LEO OSR-Std OSR-Con Total

Target —1000V 336 336
bias
-850V 87 87
—-750V 115 115
—-500V 170 170
—-300V 154 148 72 148 43 202 767
—100V 3 155 158
—75V 17 17
—50V 124 11 135
—40V 18 18
=30V 77 77
GND 304 49 49 402
+0V* 20 20
+5V 41 41
+10V 83 83
+20vV 85 85
+30V 30 30
+40V 46 46
+50V 137 137
+100V 60 64 102 226
+300V 111 111
+500V 38 38
+1000V 219 219
FLOAT 30 30
Total 2193 148 72 539 145 251 3348

“+0V refers to a configuration where the target is connected to the bias sup-
ply voltage and is driven to zero, rather than directly shorting the bias line to
the chamber wall.

Here, m, n, ¢, and ¥ are the mass, number density, charge, and
velocity of the plasma. E and B are the electric and magnetic
fields, g is the gravitational acceleration, P is the pressure
tensor, and v is the collision rate between plasma particles.
The four force terms on the right side of the equation can vary
significantly through the impact plasma expansion process.

The external magnetic field and gravitational terms are
small enough to be neglected over the time and length scales of
interest. For an impact plasma under the influence of the geo-
magnetic field, the electron Larmor radius is on the order of
1 m at the Earth’s surface and even larger in space. While the
plasma density is high, the collisional and pressure terms domi-
nate. Because the plasma quickly equilibrates, its velocity distri-
bution will be isothermal, isotropic, and Maxwellian, so

V -P = V(nkgT) = kgTVn, 2)

where kg is the Boltzmann constant and T is the temperature.
The plasma is shielded from external electric fields and
expands at its thermal speed, which for each species j is

3)

Here m; is the mass of the particles of species j. The plasma
frequency
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FIG. 5. Simultaneous measurements from a sin-
gle impact of a 3.9 fg projectile on —1kV tung-
sten at 35.3 km/s.

0 10 20 -01 0 041 0.2 -01 0 01 02
Time [us] Time [us] Time [us]
.02 are much weaker. This stage is referred to as single particle
Wpe = j “4) motion (SPM) because each particle moves individually, and
0/'te

is the oscillation frequency of electrons around the ion popu-
lation. In addition to RF energy produced by the oscillation,
the motion can couple with instabilities that amplify the
emission. RF emission linked to electron oscillations will
drop in frequency with plasma density, resulting in an elec-
tromagnetic pulse with a falling chirp signal.

With further expansion, the Debye length eventually
exceeds the plasma radius, allowing an external electric field
to penetrate. At this point, the charge population violates cer-
tain definitions of plasmas since it has large electric poten-
tials. However, for clarity we will continue to refer to the
population as an impact plasma. With a strong enough exter-
nal field, the positive and negative species separate, resulting
in a current pulse which can also produce RF emission.

Measuring the fractional composition of the plasma pro-
vides the mass distribution of the particles, and the temperature
of each species provides the velocity distribution. These pa-
rameters strongly influence the thermal and ion acoustic speeds
associated with the expanding plasma. The plasma temperature
also affects the Coulomb collision rate, which determines the
density at which free electron oscillations can occur.

Composition of the plasma will not change much through
the expansion; there is no significant mechanism for additional
ionization or recombination once the plasma becomes non-
collisional. However, the plasma temperature is more compli-
cated. In the early, dense plasma, the concept of temperature
is conventional; within any small volume is a distribution of
velocities. However, as the plasma rarifies, the fastest particles
will travel farther, spatially filtering the velocity distribution.
Nevertheless, by accounting for the entire population, the ve-
locity distribution remains well defined.

A. Single particle motion

For much of the plasma expansion, the only significant
force acting on the plasma particles is from the external elec-
tric field. The particles are too distant to impose substantial
electrostatic forces on each other, and other external forces

describes the plasma motion within the range of 1-10cm. By
assuming 1D motion under the influence of a uniform external
electric field E.x, the equation of motion for a charged particle
can be written as F' = m¥ = qE.y. This equation is integrable,
allowing a particle’s initial speed to be expressed as

_ g _ qEext
t 2m

vo(7) &)

if it travels a distance d in some time z. This relationship is
shown in Figure 6, where particle trajectories are plotted in
space time for three ion species, producing current pulses at

o L
5
O
c
S
D
o
o
(b)*g /\
5
O
c
S
D
o]
o

Time

FIG. 6. (a) Parameters in the SPM model. (b) Initial speed distribution
causes the measured current peak to spread out.
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the indicated position. Here we assume a positively charged
target with an electric field oriented away from the impact
surface that accelerates positive ions outward. If the target
were negatively charged, the electric field would be reversed
such that electrons and negative ions would be accelerated
from the impact surface. With an initial speed distribution,
the times-of-flight for a single ion population will
spread, causing a wider current pulse. The pulse width is
therefore a measure of the speed distribution and the plasma
temperature.

The velocity distribution at the onset of SPM can be
derived from temperature by assuming a Maxwellian or half-
Maxwellian distribution using the density function

B 2m; B mjv*
Jalv) =m0 \ nkBTjeXp< 2kBTi>7 ©

where Q is the total charge and #; is the fraction of species j.
Using a positive half-Maxwellian distribution discounts the
particles with negative initial velocity, which would hit the
target and not reach the plasma sensor. The plasma current is

I(t) =~ % [erf( Zl:an'UO(t))
j Bl

I
- erf( 2kBJTjUO(t + 5t)>

computed by integrating over a band of initial velocities.
With the amplifier response, this model produces a synthetic
measurement based on a plasma composition and tempera-
ture, which can be compared against measurement.

) (N

B. 1D conical numerical simulation

Looking earlier in time from the SPM state, the next rel-
evant force acting on the plasma is from the internal electro-
static fields imposed by the charged particles on each other.
Accounting for this force allows the plasma motion to be
described starting from millimeter sizes rather than centime-
ter. The equation of motion can be augmented to become
F = mi = q(Ein; + Eex) but must be integrated numerically.

To perform this integration, the plasma is discretized
into shells of spherical caps constrained to move in 1D over
a fixed cone angle, selected to be 15°, based on the geome-
try of the two RPAs and the observed difference in the
measurements from each. Each shell is composed of a sin-
gle species with a single velocity; multiple shells are used
to discretize each species’ velocity distribution. The shells
are infinitesimally thin with uniform charge. The cone ver-
tex depth x4 is computed such that the cone is tangent to a
sphere of the initial plasma radius (Figure 7). The initial
positions of the shells are selected to populate the keystone-
shaped segment containing the initial sphere. Each shell has
an associated electric field that is imposed on all other
shells. This electric field is depicted in Figure 7(b). To con-
serve linear momentum, the position of each shell is tracked
by the location of the point where its associated electric
field is zero.

Phys. Plasmas 20, 032901 (2013)

(@)

FIG. 7. (a) Geometry of plasma expansion cone and initial shape of discre-
tized plasma shells. (b) Spherical cap geometry and internal electric field.

V. RESULTS

The data collected from the ground-based experiments
described in Sec. III are combined with the models presented
in Sec. IV to provide an understanding of the relevant plasma
parameters (composition and temperature) governing the
motion of impact plasmas for a range of conditions. The
SPM model is computationally fast, so it is used to iterate
over plasma parameters while fitting to experimental data.
The numerical simulation is better suited to the study of indi-
vidual configurations.

A. Impact plasma composition

The ion composition of the impact plasma has a signifi-
cant role in its expansion dynamics and RF emission. Lighter
ions will expand more quickly, resulting in a stronger current
pulse but less time for electron oscillation. To determine
composition, measured current peaks are matched with cor-
responding ions using the SPM model. Doubly ionized par-
ticles were considered but none corresponded to expected
species. The following analysis assumes all particles are sin-
gly ionized.

1. Baseline tungsten impact

The impact of a 3.4 fg projectile on +1000 V tungsten at
35.2 km/s provides a measurement of positive ion composition
in a configuration with large charge production. Figure 8
shows the measurement with the model output. The fractional
composition is 25% H, 12% C, 9% O, 3% Na, 31% Fe, and
20% W with temperatures of ~20eV for the bulk species.

Using this baseline impact plasma population, the
plasma density was computed over space and time to
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FIG. 8. Measurement of six ion species from a 3.4 fg projectile traveling
35.2km/s impacting tungsten biased at 41000 V, with SPM output.

determine Debye length and pressure gradient. For length
scales greater than 1mm, the Debye length exceeds the
plasma radius, and the pressure gradient force does not
exceed the external electrostatic force. These thresholds indi-
cate that the assumptions made for both expansion models
are valid.

2. Impacts on tungsten vs. target bias

Representative waveforms from positively and nega-
tively biased and grounded tungsten are shown in Figure 9.
With the highly biased targets, the electric field focuses
the expanding plasma toward the RPAs. A bifurcation in the
electric field is created by the gap between the sensors. The
asymmetry in the RPA positions relative to the impact point
focuses the expanding plasma consistently into the nearer
RPA.

The measurements from fast impacts on the tungsten tar-
get with low bias (between 0 and 450 V) show a peak corre-
sponding to H. However, the predicted W and Fe
populations are not detected. If they are present, they may be
masked by an electron population, supporting the possibility
of RF emission through electron oscillation. Similar meas-
urements are observed up to target bias voltages of +50V,
but not below impact speeds of 30 km/s.

With high negative target bias, electrons hit the RPA
with enough energy to cause secondary electron emission
(SEE). For tin which is the predominant metal in the RPA
collector, the SEE yield from electron bombardment is
greater than unity above primary energies of ~200eV.?
This causes a signal with a bipolar response. Because of their
high mobility, the electrons produce a much stronger current
pulse than ions; this is likely the cause of the detected RF in
the patch antennas. In some impacts on negatively biased tar-
gets, negative ions are detected. A measurement using the
range-varying collector plates is shown in Figure 10; the

600

< 100
£ 400

2 50
3 200

<

o

T 9 0

0
Time [us]

Phys. Plasmas 20, 032901 (2013)

50

S

z 0

3 -50

3

o -1

5 00 _ggmm

c C mm
-_— mm

—200; 2 4 6 8

Time [us]

FIG. 10. A 4.55km/s impact of a 5.6 pg projectile on —300 V tungsten. The
negative ion signal is indicated by the orange arrows.

timing difference for the second pulse at each range indicates
that ions are the cause and not a subsequent emission of elec-
trons. The presence of negative ions suggests a reduction in
the free electron population and therefore reduced RF
emission.

3. Impacts on spacecraft materials

All five spacecraft materials were tested while biased at
—300V. The measurements from these negatively-biased
targets show significant variation depending on target mate-
rial (Figure 11). The solar panel and conductive solar cell
show only a small negative ion population (likely Fe), while
the uncoated solar cell and conductive OSR show the nega-
tive ion signal more strongly. The standard OSR shows an
additional heavier negative ion species which has not yet
been identified.

4. Impacts on tungsten vs. impact speed

The SPM model was used with twelve other impacts on
+1000 V tungsten to compute the fractional compositions as
a function of impact speed (Figure 12). The Fe and W con-
tent in the plasma remain high over the range of impact
speeds. The faster impacts contain H, C, and O, while the
slower impacts contain Na and K. The presence of increased
contaminant species at slower impact speeds is well-docu-
mented.* These alkali metals with low ionization energies
are attributed to surface contamination. The contaminant
species at higher impact speeds are likely dissociated hydro-
carbons which may be due to human contact with the target.

5. Impacts on spacecraft materials vs. impact speed

Only the uncoated solar cell and the conductive OSR
were tested at a positive bias (4100V). The cumulative

200 FIG. 9. Impacts on tungsten target. The
red trace is from the RPA placed 85 mm
0 from the impact point, and the blue trace

is from the RPA placed 65mm from the

—200 impact point. Left to right: same impact as
-400 —— RPA1 in Figure 8; 0 V target with a 2.3 fg pro-

—  RPA2 jectile impacting at 45.3km/s; —1000V
-600 target with a 27 fg projectile impacting at

0 2 4 6 3.5 kmys.
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measurements are shown in Figure 13 along with 41000V
tungsten. Impacts on the solar cell show little dependence of
composition on impact speed. Unlike the species present
from tungsten impacts, the two species apparent from solar
cell impacts (Si and Fe) remain at roughly constant propor-
tion from impact speeds of over 60 km/s down to 10 km/s, in-
dicative of a different ionization mechanism. This trend is
less apparent for OSR impacts, which show a hydrogen peak
for fast impacts and a more noticeable drop in the amplitude
of the iron peak for slower impacts.

B. Initial plasma temperature

The plasma population computed in Sec. VA1 for the
baseline tungsten impact was simulated using the 1D conical
model with 100 shells and a 2 mm initial radius. Because this
population was determined using the SPM model, it neglects
the effect of internal electrostatic forces. When accounting for
these forces, the initial temperature (~20eV) results in too
much dispersion in time. An order of magnitude reduction in
the initial temperature restores the fit to the measurement
(Figure 14). The inclusion of internal electrostatic forces has
the effect of repelling like charges from each other during the
initial expansion. This results in a velocity distribution that is
wider than it was initially. The implication is that the tempera-
ture as measured after the plasma has expanded represents
a velocity distribution after the particles have pushed them-
selves apart, and the initial distribution is narrower with a
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FIG. 12. Fractional composition of impact plasma from tungsten impacts as
a function of impact speed.

Phys. Plasmas 20, 032901 (2013)
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FIG. 11. Impacts on the —300V space-
craft targets. The presence of negative
ions is highly dependent on target mate-
rial. The projectile masses are: (a) 0.59,
(b) 6.9, (c) 13, (d) 7.6, and (e) 6.7 fg,
respectively. The impact speeds are
(a) 59.2, (b) 18.7, (c) 21.6, (d) 18.3, and
(e) 19.4km/s, respectively.

(e) Solar panel
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correspondingly lower temperature. Previous studies of impact
plasma energetics® reported measurements of 10-65eV and
may also require adjustment when considering the initial
plasma temperature.

C. Summary of results

Three major results were produced through this work.
First, the initial temperature of the impact plasma is at least
an order of magnitude lower than previously reported. A
colder plasma will expand slower and will also shield itself
against electric fields to a lower density because of its shorter
Debye length. Thus, it will persist longer in a dense, non-
collisional state, allowing for more RF emission.

Second, the composition of impact plasmas from glass
targets has a low dependence on impact speed. This is indic-
ative of a different ionization mechanism from tungsten. The
Si0O, covalent bonds present in the glass targets could pro-
duce ions through molecular dissociation, which is not a via-
ble mechanism in metallic targets. Impacts at debris speeds
may therefore pose a more significant threat on glass than on
metal.
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FIG. 13. Overlaid RPA measurements of impact plasma composition as a

function of impact speed for (a) +1000 V tungsten, (b) +100 V uncoated so-
lar cell, and (c) +100 V conductive OSR, color-coded for impact speed.
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FIG. 14. (a) Simulation with composition and temperature computed by SPM
model. (b) Same composition with temperatures reduced by factor of 10.

Finally, negative ion formation has a strong dependence
on target material. In certain configurations, it is possible
that the formation of negative ions results from the capture
of free electrons, which indicates that the presence of nega-
tive ions will reduce the strength of a current pulse associ-
ated with the charge motion of the escaping electrons. A
smaller population of accelerated electrons would produce
weaker RF emission.

VI. CONCLUSIONS

The work presented here links plasma measurements to
parameters much earlier in its expansion, enabling character-
ization of the plasma dynamics from when electron oscilla-
tion can occur up to when the plasma hits the sensor. Results
of this study include the first measurement of impact plasma
temperature considering internal electrostatic forces and of
plasma composition from impacts on spacecraft materials.

These results can inform the spacecraft community with
possible techniques to reduce the risk associated with hyper-
velocity impacts. Depending on the particular sensitivity of a
spacecraft’s electrical systems, impacts on negatively
charged surfaces can be minimized to reduce the effect of
electron current pulses, or impacts on neutral surfaces can be
minimized to avoid RF emission from electron oscillation.
The operation of existing satellites can be adjusted to
account for the risk due to impacts on surfaces of different
charge states. On future spacecraft, payloads and subsystems
can be positioned and surface materials optimized to reduce
the risk of effects from hypervelocity impact.

Characterizing the risk of electrical damage to space-
craft from hypervelocity impact is one step that will allow
for safer and more robust utilization and exploration of

Phys. Plasmas 20, 032901 (2013)

space. Ultimately, we must develop a holistic understanding
of all the hazards presented by the space environment in
order to design a weatherproof spacecraft of the future—one
that can detect external environmental threats and protect
and repair its vulnerable systems.
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