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Zach Ulibarri,’?3 Jia Han,'?> Mihdly Horanyi,"-? Tobin Munsat,"-? Xu Wang,’
Guy Whittall-Scherfee,® and Li Hsia Yeo'?

Vnstitute for Modeling Plasma, Atmospheres and Cosmic Dust (IMPACT), University of Colorado,
Boulder, Colorado 80309, USA

2Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

3Department of Physics, St. Mary’s College, Moraga, California 94556, USA

(Received 22 December 2016; accepted 1 November 2017; published online 22 November 2017)

The Colorado Solar Wind Experiment is a new device constructed at the Institute for Modeling Plasma,
Atmospheres, and Cosmic Dust at the University of Colorado. A large cross-sectional Kaufman ion
source is used to create steady state plasma flow to model the solar wind in an experimental vacuum
chamber. The plasma beam has a diameter of 12 cm at the source, ion energies of up to 1 keV, and
ion flows of up to 0.1 mA/cm?. Chamber pressure can be reduced to 4 X 10~ Torr under operating
conditions to suppress ion-neutral collisions and create a monoenergetic ion beam. The beam profile
has been characterized by a Langmuir probe and an ion energy analyzer mounted on a two-dimensional
translation stage. The beam profile meets the requirements for planned experiments that will study
solar wind interaction with lunar magnetic anomalies, the charging and dynamics of dust in the solar
wind, plasma wakes and refilling, and the wakes of topographic features such as craters or boulders.
This article describes the technical details of the device, initial operation and beam characterization,
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and the planned experiments. Published by AIP Publishing. https://doi.org/10.1063/1.5011785

. INTRODUCTION

Airless planetary bodies, such as asteroids, dormant
comets, and most moons, have no significant atmospheres or
global magnetic fields and therefore have surfaces that are
directly exposed to the solar wind plasma. Recent in situ obser-
vations on the lunar surface have shown that solar wind bom-
bardment generates several physical processes on the upstream
side. These processes include reflected and backscattered solar
wind ions,' neutral atoms backscattered by charge-exchange
at the lunar surface,”> and sputtering products.

On the downstream side, a distinct physical feature,
plasma wakes (or voids) are formed. These wakes have much
lower electron and ion densities than the bulk flow of the solar
wind. Because thermal electrons have higher mobility than
the supersonic ions, they move into the wakes first, result-
ing in charge separation near the wake boundaries. Ambipolar
electric fields form and accelerate the ions into the wake
regions. Complicated physical phenomena are created in the
wake region,4 including ion acceleration, rarefaction waves
that propagate into the ambient undisturbed plasmas, excita-
tion of plasma oscillations and instabilities, and strong plasma
discontinuities at the expansion front. The lunar plasma wake
has been widely investigated by computer simulations and in
situ observations,’ and while there have been advances in our
understanding of the refilling process,® there is a lack of fully
controlled laboratory experiments addressing wake formation
in steady flowing plasmas which are necessary to corrobo-
rate these theoretical results. Few laboratory experiments have
been performed to study wake formation behind planetary
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bodies in the solar wind, and even these were investigated
using pulsed plasma sources.”~!? Further, the wake behind
moons, asteroids, and even spacecraft is still being investi-
gated, and laboratory experiments will further elucidate the
results of these missions.

Recently, the plasma wakes created by smaller airless
bodies such as asteroids and comets have attracted greater
attention due to the increase in space missions investigat-
ing such bodies.!"'> We aim to investigate the plasma wakes
formed at obstacles of various sizes (relative to the Debye
length) and shapes using laboratory experiments with more
realistic solar wind plasma conditions than any attempted thus
far.

Additionally, interactions between the solar wind plasma
and localized features on the surface of airless bodies also
generate interesting physical processes and phenomena. Stud-
ies have shown that the magnetic anomalies on the lunar
surface (e.g., crustal magnetic fields) have a strong influ-
ence on the incoming solar wind plasma, and this results
in deflection/reflection of the solar wind ions,'? the forma-
tion of mini-magnetospheres,'*'® and possibly large positive
surface potentials.'®> More interestingly, the high-albedo
swirl-shaped markings observed on the lunar surface have been
found to show a strong correlation with lunar magnetic anoma-
lies and their interaction with the solar wind plasma.>* Previ-
ously we have experimentally studied the dynamics of charged
particles and electrostatic environments at a surface embedded
in a magnetic dipole field with non-flowing plasmas’*?> and
flowing plasmas with low ion energies.>! The Colorado Solar
Wind Experiment (CSWE) marks an upgrade to our laboratory
studies that allows for realistic solar wind plasma conditions.
When the solar wind flows over topographical features on the
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planetary surfaces (e.g., craters or large boulders), the process
of plasma expansion into the craters or the downstream side
boulders differs from the global-scale plasma wakes due to
the effects of the electric fields formed at the surface. Electric
environments at the topographical surfaces have been mainly
studied using computer simulations*®*?” and have only been
recently investigated with laboratory experiments.?®

Plasma-dust interaction has been an important topic for
decades, as this determines the dynamics of cometary dust
tails, dust exospheres, and interplanetary dust.>*" Electro-
static dust transport on the surfaces of airless planetary bodies
has been suggested to explain a variety of unusual plane-
tary phenomena.’!=3> Our recent experiments have shown that
the emission and re-absorption of photo-electrons and/or sec-
ondary electrons at rough dusty surfaces are responsible for
the initial mobilization and launch of regolith dust particles.>®
However, while dust charging and dynamics in thermal plasma
conditions have been investigated,>’ ™ these dynamics have
not been studied under solar wind conditions in laboratory
experiments.”

In summary, many new physical processes have been
observed in situ and through computer simulations, but these
need to be combined with laboratory experiments to answer
remaining questions. We have constructed the CSWE at the
Institute for Modeling Plasma, Atmospheres, and Cosmic Dust
(IMPACT) to advance our understanding of the solar wind
interaction with airless planetary bodies and dust. This device
is unique due to its steady state plasma flow with a large cross
section (greater than 12 cm in diameter) that allows for mea-
surement using probes, high ion energy (up to 1 keV, a typical
solar wind ion energy), and large ion flux (up to 0.1 mA/cm?).
This is in contrast to pulsed plasmas or steady state flows with
small cross sections mostly used in previous laboratory exper-
iments. This paper describes the performance of the CSWE
and the planned experiments.

Il. ION SOURCE AND VACUUM SYSTEMS

The CSWE consists of a large aperture (12 cm in diame-
ter) high-current Kaufman KDC 100 ion source attached to an
experimental vacuum chamber 183 cm in length and 76 cm in
diameter. A picture of the chamber is shown in Fig. 1, and a
diagram of the ion source is shown in Fig. 2. Gas, such as nitro-
gen or argon, flows into the ion source where it is ionized by
energetic electrons emitted from a heated cathode. Ions created
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FIG. 2. A diagram of the CSWE ion source. Nitrogen gas is ionized by
energetic electrons emitted from a hot cathode. Ions are extracted through
a screen grid by a negatively biased accelerating grid. Curvature of these grids
diverges the beam to increase its cross section and uniformity. A hot fila-
ment neutralizer supplies electrons to maintain quasi-neutrality of the flowing
plasma.

in the source are extracted by a negatively biased accelerating
grid through a screen grid into the chamber. The ion energy is
selected by the anode potential with respect to ground (i.e., the
ion energy is the value of the anode potential in eV). Curvature
of the grids creates an ion optics system that diverges the ion
flow by 7° to increase the beam cross section and uniformity
in the experimental chamber. A neutralizing filament located
at the exit of the source is used to maintain quasi-neutrality of
the flowing plasma.

Since the gas flowing into the ion source will build up
pressure in the experimental chamber and cause ion-neutral
collisions (charge-exchange), a differential pressure chamber
backed by a turbo-molecular pump isolates the ion source from
the rest of the chamber, which is in turn backed by two diffusion
pumps. The chamber itself has a base pressure of 3 x 10~/ Torr
and an operating pressure of 4 x 10~ Torr.

The CSWE has been tested using hydrogen, nitrogen, and
argon. While hydrogen is the best analog for the solar wind, its
low ionization cross section requires higher gas flows in order
to achieve desired currents. This results in a higher degree
of charge-exchange, limiting the observed flux of high veloc-
ity ions in the experimental chamber. Nitrogen and argon,
however, can be ionized at a low pressure without significant
charge-exchange collisions. For the characterization presented
here, the CSWE used N7 because it has a lower mass than
argon.

Depending on the purpose of investigations being per-
formed when studying the solar wind interaction with airless

FIG. 1. A photo of the CSWE cham-
ber. Ionized gas is created in the ion
source, and an accelerating potential
pulls the ions into the experimental
chamber. A differential pressure cham-
ber prevents excess gas buildup in the
experimental chamber.
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surfaces, a variety of different types of ion sources may be
used. For example, ion sources with small apertures (i.e.,
small cross-sectional plasma flow) are often used to study how
surface processes such as sputtering and space weathering are
sustained by solar wind bombardment. To study the physical
processes of solar wind interaction with airless bodies, how-
ever, we require a large cross-sectional area of plasma flow
(that is, a large aperture ion source) to allow access for probe
measurements and to immerse the targets in the plasma flow.
This large aperture necessarily reduces the effectiveness of dif-
ferential pumping, resulting in a certain degree of ion-neutral
charge-exchange collisions that create a population of thermal
ions, a feature not present in the solar wind.

The KDC 100 ion source has a sophisticated set of ion
optics which focus the flowing ions into a coherent beam.
These optics are designed to operate within a specific param-
eter space as they become more or less efficient depending on
the ion current and accelerating potential settings. For exam-
ple, the source is not designed to supply large currents at low
voltages (such as 80 mA of ion current with a beam energy of
200 eV). For this reason, when the ion current is doubled, the
measured ion flux may not be doubled.

lll. DIAGNOSTICS

The parameters of the plasma produced in the CSWE are
measured by a double planar Langmuir probe, which consists
of two tantalum discs 6.35 mm in diameter with an insulating
layer between them. With this probe, the plasma potential, the
electron density, and the electron temperature are measured.

An Jon Energy Analyzer (IEA) is used to measure the
ion energy and flux.*® This instrument uses retarding fields
to measure the distribution of ion energies. Sample traces
from the IEA are shown in Fig. 3. There is a sharp falloff at
each selected energy, indicating that the beam energy is highly
mono-energetic.

The double Langmuir probe and IEA are mounted on a
2-axis translation stage controllable from outside the vacuum
chamber that allows them to be moved around the chamber
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FIG. 3. Sample traces from the Ion Energy Analyzer (IEA) showing mea-
sured ion current as a function of retarding potential for three different ion
energies. Solid lines denote the measured current, while dotted lines denote
the derivative. There is a sharp drop at each specified energy, indicating that
the flow is highly uniform in its velocity distribution.
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FIG. 4. A top-down diagram of the coordinates used in the CSWE. The
X-axis measures the horizontal displacement from the beam’s center axis,
while the Z-axis measures the distance from the source itself.

to map out the plasma parameters in a 2D profile. Positions
of the probe measurements are mapped according to the axes
defined in Fig. 4.

IV. PERFORMANCE

A comparison of plasma parameters between space and
laboratory conditions is summarized in Table I. While the
CSWE is capable of achieving the typical solar wind ion energy
of 1 keV, the mass of N; is heaver than that of a proton, result-
ing in a slower ion velocity. The ion Mach number, however,
which is the ratio of the ion flow speed to the ion sound speed,
is the dominant term in the ion flow characterization. In both
space and laboratory conditions, it is much larger than 1 (indi-
cating supersonic flow). We note that the beam ion temperature
has been used to calculate the ion sound speed since it is much
larger than the dominant electron temperature. It is impossible
and unnecessary to attain the same order of magnitude of either
the density or the Debye length of the solar wind in labora-
tory settings. However, the dimensionless Debye ratio, which
is the ratio of the Debye length to the size of an object, has
more physical meaning when studying plasma interaction with
objects. Planned experiments include inserting objects up to
10 cm in diameter into the plasma beam. Since the CSWE can
be used to create Debye lengths of 0.2 cm, the CSWE Debye
ratio has a lower limit of 0.02. The Debye ratio is therefore
<1, which is typical for many features of interest (for exam-
ple, craters on the lunar surface, where the Debye length is
on the order of 10 m). Thus, the CSWE will provide accurate
simulation of plasma processes in these regions.

TABLE I. Comparison of parameters between space and laboratory condi-
tions. The ion Mach number measures the ratio of the plasma’s flow speed
to its sound speed. The Debye ratio is the ratio of the Debye length to the
characteristic scales of experimental features (e.g., simulated craters or other
surface topography).

Solar wind Laboratory
Velocity, v; 450 km/s 83 km/s
Ion energy 1 keV 1 keV
Ton species H* N3
Electron temperature, 7', 10eV 0.5 eV (cold) 10 eV (hot)
Ion temperature, T'; 10eV 14 eV
Ton Mach number, m 9 11
Density, n 10 cm™3 107-10% cm™3
Debye length, A, 103 cm 0.2 cm
Debye ratio, 14/L (L is the <1 <1 (minimum 0.02)

dimension of an object)

Ly 9% 100 920¢ 8unfr 6T
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FIG. 5. Plots of the particle flux for each position on the x and z axes. These values were calculated from the IEA measurements. The green shaded region
denotes the designated experimental region. Note that the flux at 80 mA and 200 V is lower than the flux at 40 mA.

Figure 5 shows results from the IEA as a function of
position in both X and Z. The green shaded region denotes
the designated experimental region, while data points out-
side this space were investigated for completeness. Over the
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experimental region, the uniformity of the ion flux and elec-
tron density is around 30%. In general, the source behaves as
expected except for the 200 eV 80 mA ion flow, in that the
flux roughly doubles when the source current is doubled. The
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FIG. 6. Plots of the electron density for each position on the x and z axes. These values were analyzed from the Langmuir probe measurements. The green shaded
region denotes the designated experimental space.
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current density peaks in the center of the beam and drops as
the distance from the source increases.

At 200 V anode potential, the flux from 80 mA is lower
than that of 40 mA. This occurs because of the efficiency of
the source’s ion optics, which is discussed in Sec. II. When
operating with these parameters, the current through the accel-
erating grid in the source is an order of magnitude higher than
that at other settings, indicating that a significant fraction of
the ions collide with the grid and are thus never flowed into
the chamber. This provides a lower bound for the anode volt-
age when operating at high currents. Similarly, the 800 V, 80
mA ion flux is greater in magnitude than expected, and this is
likely due to increased performance of the ion optics in this
parameter region.

Figure 6 shows the electron density as measured by
the Langmuir probe. Two Maxwellian distributions of elec-
trons are observed in the Langmuir probe current-voltage
(I-V) characteristics, with the hot population having a tem-
perature of around 10 eV and density that is approximately
1% of that of the cold population, which have tempera-
tures near 0.5 eV. The plot shown in Fig. 6 includes both
of these populations. Bi-Maxwellian electron populations
often exist in hot-cathode generated plasmas. Hot electrons
may be caused by primary electrons that carry the remain-
ing energies after the ionization of neutral particles. Sec-
ondary electrons induced by the bombardment of primary
electrons or beam ions on the chamber walls may also
create such hot electrons.*’” The exact mechanisms remain
unclear.

The solar wind ions have a supersonic flow speed with
a thermal temperature of about 10 eV. I-V characteristics
from the IEA were used to find the temperature of the beam
ions. As described in Sec. II, the CSWE produces thermal

Rev. Sci. Instrum. 88, 115112 (2017)

ions in addition to supersonic ions due to charge-exchange
collisions. Although the flux of flowing ions dominates the
thermal ion flux, the density of thermal ions is not negligi-
ble. The ratio of the beam to thermal ion densities is shown in
Fig. 7. Their densities were calculated by dividing the mea-
sured fluxes of ions at beam and thermal energies by the
speeds at these energies. The ratio is close to one for 800
eV ions, and as high as two for lower ion energies. Thus, the
effect of thermal ions on wake and surface topography exper-
iments needs to be taken into account. For investigations of
magnetic anomalies or dust charging and dynamics, the flux
is a more important parameter than the density. The effect
of thermal ions will therefore be less pronounced in these
experiments.

V. PLANNED EXPERIMENTS

The planned experiments are schematically illustrated in
Fig. 8 and detailed below.

A. Solar wind interaction with magnetic anomalies

This topic has been extensively studied recently as
described in the Introduction. However, most of the avail-
able in situ space observations addressed the dynamics of
particles and fields at high altitudes. We will upgrade our
previous laboratory studies’*> from low-energy (<50 eV) to
high-energy (1 keV) ion flow to investigate the electric envi-
ronments at the surface in magnetic anomaly regions, which
have important consequences for understanding various sur-
face processes, such as space weathering and electrostatic dust
transport. The ion inertial length, d;, is an important parameter
in the charge separation process associated with solar wind
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FIG. 7. Plots of the ratio of beam to thermal ion density for each position on the x and z axes. These values were calculated from the IEA measurements.

Ly 9% 100 920¢ 8unfr 6T



115112-6 Ulibarri et al.

il

FIG. 8. A diagram of the planned experiments. 1. Solar wind interaction with
magnetic anomalies. 2. Dust charging and dynamics. 3. Plasma wakes. 4.
Topographical wakes.

interaction with lunar magnetic anomalies. On the lunar sur-
face, d; is similar to or larger than the characteristic scale of
magnetic anomalies.'® However, the ion inertial length in the
CSWE is on the order of a few hundred meters, much larger
than CSWE experimental magnetic field length scales. The
CSWE studies cases when ions penetrate the dipole field to
impact the surface, as has been indicated from observations
using the neutral atom energy spectrometer SARA/CENA on
Chandrayaan-1.""

B. Charging and dynamics of dust in the solar wind

Charging of dust particles exposed to non-flowing plasmas
has been extensively studied, but the CSWE will allow us to
study dust charging and dynamics in flowing plasmas with a
variety of ion flow speeds. Additionally, interaction of solar
wind with dust clouds (e.g., dust exospheres around planetary
bodies) will be investigated.

C. Plasma wakes

Wake experiments will be performed by inserting objects
as large as 10 cm in diameter in the simulated solar wind.
The large cross-sectional plasma flow will allow probe diag-
nosis possible in the wake regions to unravel the dynamics of
the electron and ion refilling of the wake. We will map the
spatial profiles of plasma parameters to measure waves and
instabilities. In addition, the surface charging in the wake will
be studied using a configuration of segmented surfaces with
which floating potentials will be measured. We will also inves-
tigate the wake of irregular-shaped obstacles in the solar wind,
such as asteroids and comets.

D. Wakes of topographic features

By inserting models of various surface features such as
craters or boulders, we will measure the plasma wake effects
of topographic entities. This study is particularly important for
understanding the local electric environments in permanently
shadowed regions, in which plasma may play a role in volatile
production/loss.

VI. SUMMARY AND CONCLUSION

A new, large cross-sectional, high-current, high-energy
ion source at the SSERVI IMPACT has been constructed
and tested. This source will provide laboratory solar wind
simulations that more accurately model realistic conditions

Rev. Sci. Instrum. 88, 115112 (2017)

than previous experiments involving smaller cross-sectional
sources or those involving low or non-flowing plasmas. The
CSWE will provide laboratory investigations of a variety of
outstanding questions about solar wind interaction with air-
less planetary bodies, such as surface electric environment
in the presence of magnetic anomalies, dust charging and
dynamics, and plasma wakes resulting from airless bodies and
topographical features on their surfaces.
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