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ABSTRACT
To maintain spacecraft neutrality while firing an electron
beam from the magnetosphere, PIC simulations suggest
producing a dense, ion emitting plasma. Experiments
were performed at the University of Michigans Plasmadynamics and Electric Propulsion Laboratory (PEPL) to
study the plasma-spacecraft interactions and assess the
accuracy of these simulations. By emitting a plasma
plume from a hollow cathode mounted on an electrically isolated platform, the plume’s plasma characteristics were measured while the platform was biased to various charging levels. The results suggest a correlation
between spacecraft potential and the plasma temperature
and potential. During transient conditions, the electron
flux closely follows the behavior of the plasma and spacecraft potential.
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1.

INTRODUCTION

Los Alamos National Laboratory (LANL) is interested in
tracing the Earths magnetic field from the magnetosphere
to the ionosphere by firing a high powered electron beam
from the magnetosphere. Such an experiment would
allow scientists to determine the connections between
the magnetosphere and the Earth’s ionosphere. However, operating the electron gun in an environment where
the background density is 1 atom/cc quickly charges the
spacecraft to positive biases preventing the beam from
reaching the Earth. To mitigate the resulting spacecraft charging, LANL PIC simulations suggest emitting a
dense plasma from a hollow cathode plasma contactor before and during electron beam operation [1, 2]. Previous
space missions have demonstrated the capability of plasmas to discharge spacecraft in or near geosynchronous
orbits [3, 6, 7]. To test the validity of these simulations, a series of first round experiments were performed
at the Plasmadynamics and Electric Propulsion Laboratory (PEPL). In the Large Vacuum Test Facility (LVTF)
at PEPL, an isolated platform and hollow cathode were

positively biased above chamber ground to simulate the
spacecraft charging behavior that occurs when an electron beam is fired from the magnetosphere. The plasma
plume emitted from the hollow cathode was studied to
observe changes in the plasmas characteristics and determine whether or not ions were being emitted from the
plume.
2.

EXPERIMENTAL SETUP

For this experiment, a spacecraft in the magnetosphere
was simulated by electrically isolating a conducting platform with a mounted hollow cathode (shown in figure
1). By attaching the simulated spacecraft to the chamber through high voltage standoffs and electrically connecting the power supplies biasing the hollow cathode to
an isolation transformer, the simulated spacecrafts bias
could be raised above chamber ground. The chamber
pressure was kept at a pressure of 10-7 Torr through the
use of 7 cryogenic pumps. To simulate spacecraft charging behavior a 20 kV power supply was used in both constant current and constant voltage mode. Constant current
mode was used to simulate transient states when the electron beam is fired while the constant voltage mode was
used to study the plasma at a given spacecraft bias.
To probe the plasma, cylindrical Langmuir probes, emissive probes, and a retarding potential analyzer (RPA)
were used. The Langmuir probes were placed 6cm from
the chamber wall, 96cm behind the hollow cathode, and
on a platform capable of rotating 360 degrees and translating horizontally in perpendicular directions. The other
diagnostics were located only on the diagnostic platform.
To minimize the perturbations of the Langmuir probes
and emissive probes on the platform, both were attached
to the platform using insulating arms over 10 cm long.
The translational motion stages only move along one side
of the cathodes central axis as it is assumed that the emitted plasma plume is cylindrically symmetric. Measurements on these motion stages are taken radially relative
to the cathode centerline and along the cathode centerline.

(a)

Figure 1: A hollow cathode was connected to an isolated conducting platform. The cathode heater and keeper
power supplies were electrically isolated using an isolation transformer.

(b)

Figure 2: Experimental setup in the LVTF. The plume is
assumed to be cylindrically such that only the one side of
the plume, along its centerline, was probed.
3.

EXPERIMENTAL RESULTS

The Xenon plasma plume was probed under two cathode discharge currents, 5 amps and 9 amps, and various
spacecraft bias levels for both steady and transient states.
The flow rate of the hollow cathode was kept constant at
7 sccm. First the steady state measurements will be presented followed by transient flux measurements.
3.1.

(c)

Figure 3: Plasma potential contour maps using a spacecraft potential of (a) 0V, (b) 30V, and (c) 60V.

maps, it is clear that the plasma potential throughout the
entire plume is dependent to the spacecraft bias. Additionally, the plasma potential seems to be roughly 10 to
12 V above the applied spacecraft bias while the potential drop between the measurements closest and farthest
to the cathode increases with spacecraft bias level.

Steady State

In the steady state, the spacecraft bias was set to a constant voltage of 0, 30, and 60 volts. Using an emissive probe, the plasma potential was measured using the
floating point with large emission method [5] at different positions relative to the hollow cathode orifice. Fig. 3
presents the plasma potential maps when the hollow cathode had a discharge current of 5 A. From these contour

Langmuir probe measurements were taken solely along
the centerline of the hollow cathode. From these measurements, several plasma characteristics were determined. The electron temperature was determined through
the slope of a line fit to the logarithm of the electron retarding region on an IV trace. The plasma density was
found using the electron saturation current. The floating
potential was determined by finding the potential where
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Table 1: Plasma characteristics based on Langmuir probe traces along the hollow cathode center line.
the collected current is zero and the plasma potential was
determined by finding the peak of the first derivative [4].
The Langmuir probe results (Tab. 1) show a strong correlation between the spacecraft bias and the plasma and
floating potential. Additionally, the electron temperature
is dependent on spacecraft bias.
3.2.

Transient Measurement

To simulate the electron beam firing, a constant current
of 33 mA was supplied to the simulated spacecraft via
a switch. In Fig. 4 and 5, the first rapid change is due
to the power supply being switched on, and the second
change is due to the power supply being switched off.
During these transient states, the ion and electron collected currents were measured at a rate of 2 Hz by biasing a Langmuir probe by 200 volts positively to measure electron current or negatively to measure ion current
(Fig. 5). Since the bias to the Langmuir probe was held
at a constant rate, the collected currents are proportional
to the particle flux allowing the flux behavior to be studied. It is important to note that aliasing has likely affected
the measurements as the measuring rate is much greater
than the plasma frequency. Furthermore, the spacecraft
and plasma potential and power supply current (Fig. 4b)
were measured using an oscilloscope where aliasing does
not affect the measurements.
4.

ANALYSIS

From both the steady state and transient conditions, the
electrons and ions within the plasma gain kinetic energy
without altering the plasma density. From the plasma
potential contour maps, the drop in plasma potential between the minimum and maximum potentials increases
with spacecraft bias such that ions gain more energy as
they traverse the plasma for greater spacecraft bias levels.
Measurements from the Langmuir probes in steady state
show that a change in spacecraft bias does not greatly affect the plasma density. As a result, the transient flux for
electrons are mainly due to changes in particle velocity.

Figure 4: Plasma potential 206cm downstream and
spacecraft potential transients when the HV supply is
turned on and off in a constant current mode of 33mA.

When the beam is fired, the electrons in the plasma are
attracted to the spacecraft while ions are repelled. This is
shown in a sudden decrease in the measured electron current, or increase in ion current, when the power supply
is switched on. Additionally, steady state measurements
of the electron temperature increase with spacecraft bias,
suggesting that the average kinetic energy of the electrons
increase with spacecraft bias. Ultimately, the greater the
spacecraft bias, the greater the electric field that accelerates the particles in the plasma, which is seen in the
greater velocities and energies that were measured. RPAs
were used to obtain ion energy distributions however, the
distributions are too noisy to properly compare the differences between spacecraft bias and ion energy. This
noise can be attributed to the RPAs orientation, bias setting, and changes in the plumes expansion with different
spacecraft biases.
During the transient state, it is clear that both the plasma
potential and electron flux follow the behavior of the
spacecraft potential. However, the characteristic times
to reach equilibrium were on a scale of several seconds.
The plasma time scales are on the order of microseconds
and the time scale for the power supply to reach a steady
current is in the millisecond range, both are much shorter

and chamber wall may dominate the decay time of the
transient. It is possible that the long transient times is
due to a combination of these effects but determining the
dominant effect will require further testing.
5.

(a)

(b)

Figure 5: (a) Ion current and (b) electron current transients using Langmuir probes at different locations with
a beam current of 33mA.

than the measured equilibrium time scale of for the spacecraft bias, the plasma potential, and the particle flux. It
is likely that the unordinarily long time scales are due
to a multitude of factors that include facility effects and
changes in plasma characteristics.
From Langmuir probe and neutral pressure measurements, the mean free path for charge exchange (CEX)
collisions was calculated to be no greater half a meter
near the spacecraft; well within the confines of the chamber. As was shown, when the plasma potential increases
so does the ion kinetic energy, which is transferred to a
neutral Xenon atom during the CEX collision. As a result, the neutral gas around the spacecraft will be slowly
heated during the transient. The increase in neutral temperature should give an increase to the neutral background pressure, according to the ideal gas law. With an
increase in neutral gas pressure, the cryogenic pumps will
work to return to the initial background pressure by decreasing the neutral gas density increasing the diffusion
rates of ions and electrons [8]. Additionally, the increase
in plasma potential with spacecraft bias implies that the
potential drop across the sheath between the plasma and
the chamber wall also increases. During the transient, ion
will then be able to strike the chamber wall with energies
as high as 40 eV. At these energies, the secondary electron yield from the wall due to ion bombardment may be
great enough to alter local plasma and sheath characteristics [8]. Finally, capacitive effects between the spacecraft

CONCLUSION

The top level experiments performed in the LVTF showed
the correlation between a spacecrafts charging level and
a plasmas particles energy. At higher charging levels,
the increase in plasma potential implies that ion experience an increase in acceleration as they cross the sheath
between the plasma and chamber wall. As a result, the
energy with which the ion strikes the chamber wall will
increase with spacecraft bias. During transient conditions, the sudden increase or decrease, for ion and electron respectively, suggest electrons are being accelerated
towards the spacecraft and ions are being accelerated towards the edge of the plasma. However, it is important to
note that because these transients are measured at a rate of
2 Hz, aliasing is a likely issue with these measurements.
While the experiments showed that the plasma particle
energy increases with spacecraft bias, a direct measurement of ion emission from the cathode could not be resolved. Future experiments intend to obtain these measurements by employing RPAs in the plasma sheath as
well as along the centerline of the cathode. Furthermore,
Langmuir probes will be placed closer to the simulated
spacecraft in order to study the plasma properties near
the cathode orifice. This will improve the understanding
of the plasma plumes evolution from near the cathode to
far field.
6.
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