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A DC cylindrical discharge plasma column is examined in the region between an upstream anode and an axial, magnetized guide section that delivers the plasma created in
the anode region to a target downstream. Radial profiles of the plasma potential, density
and temperature are obtained with floating emissive and double probes. An alternative
method for double probe implementation is discussed and shown to result in plasma potential profiles closely matching those obtained using a floating emissive probe technique.
Plasma profiles measured for a range of magnetic field configurations demonstrate the existence of distinct modes of operation of the plasma source. Time resolved measurements
of floating potential with an emissive probe reveal several low frequency oscillations which
become significant past a critical magnetic field near 100 Gauss. These measurements are
performed to inform analytical and numerical models of the device which is being developed
to deliver a stable, well defined plasma to a target surface for plasma-material interaction
studies.

I.

Introduction

The Plasma interactions (Pi) facility is being developed at UCLA for the testing of advanced, microarchitecture materials1 for applications in harsh environments, similar to that produced in electric propulsion
and pulsed power systems. A 250 A hollow cathode plasma source is integrated with guiding solenoidal
magnets running across a vacuum chamber to provide a roughly 3 cm diameter plasma to a downstream
target material with target-directed, xenon or argon ion fluxes.
The dynamic interactions between plasmas and materials far from equilibrium are a critical and currently
not well understood aspect of electric propulsion (EP) and pulsed power device design. Facilities dedicated
to the examination of phenomena arising when materials are exposed to extreme plasma environments
are in ongoing use for research vital to magnetic confinement fusion2–6 and hypersonic vehicles7, 8 among
other fields. The Pi facility is unique in its dedicated design to provide long-term exposure of materials
to plasma conditions relevant to EP and pulsed power applications. More specifically, the plasma source
is being developed to efficiently produce plasmas on argon and xenon of moderate electron temperature
(2-10 eV), with plasma densities ranging from 1016 -1019 m−3 , and the potential for studies of both wall
material redeposition effects and the resiliency of new materials to high heat flux pulses due to plasma
species impingement.
The Pi facility is part of a broader effort including numerical modeling of the plasma, on both global9
and microscopic10 scales, as well as the reaction of micro-engineered materials.11 Dedicated measurements
of electron emission from the engineered surfaces are also underway12 with secondary electron emission
representing a criticial aspect of the feedback from material surface to plasma.
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Initial studies of Pi facility operation revealed non-monotonic trends in the ion current delivered to a
target with changes in discharge current and cathode mass flow rate.13, 14 Analytical and numerical models
are being developed to better understand the origin of these trends and inform future designs and studies.
A critical first step towards an analytical framework is measurement of the plasma conditions in the near
anode region, where the high density plasma exits the discharge before streaming axially to a target 70 cm
away. The purpose of this paper is to present the results of electrostatic probing, by emissive and double
probes, in the near anode region, which marks the interface between the source and target delivery systems.
The magnetic field internal to the anode is altered to examine the corresponding changes in plasma profiles. We find distinct changes in trends at low versus high magnetic field strengths. Temporal measurements
reveal that these changes are accompanied by the onset of high amplitude oscillations in floating emissive
probe potentials at low frequencies (10-100 kHz). Similar fluctuations are observed in a wide variety of related plasmas and are expected to have implications on the anomalous transport of electrons across magnetic
field lines.15

II.

Experimental Apparatus

The Pi facility at UCLA is comprised of a 1.8 m diameter by 2.8 m long vacuum chamber evacuated
by dual cryopumps with a combined pumping speed of 5000 L/s on argon, allowing base pressures as low
as 5 x 10−7 Torr. The plasma source is mounted on one flange of the chamber, diametrically opposed to
the flange which supports the sample manipulator arm. Intermediate guide magnets are mounted to struts
lying chordally across the bottom of the chamber. All components of the plasma source and delivery system
lie within the vacuum chamber with small axial gaps between system elements allowing for the insertion of
plasma diagnostics in a flexible manner. A sketch of the facility layout is given in Figure 1a and a picture of
plasma bombardment of a graphite target is shown in Figure 1b.

(b)

(a)

Figure 1: (a) Pi facility sketch (top view) (b) Pi facility in operation on xenon (front view)
The plasma source consists of a 250-A lanthanum hexaboride (LaB6 ) hollow cathode coupled to a 30 cm
long, cylindrical copper anode of 6 cm inner diameter. A graphite keeper electrode positioned around the
cathode tube aids in starting the discharge and helps to protect the orifice plate and graphite tube end from
ion bombardment from the cathode plume plasma. A magnetic field coil positioned around the cathode and
a solenoid wound on the anode provide an axial magnetic field that both confines the electrons to improve
the ionization and guides the plasma to the target region.
The plasma from the source region is coupled through two 10 cm diameter chamber solenoids to a target
located just upstream of a final magnetic coil. The plasma transport region through the chamber solenoids
is intended to provide isolation between the target being sputtered and the plasma source. The ionization
mean free path for particles sputtered from the target is typically less than the distance from the target to
the anode, and the ions created from the target material then diffuse to the walls of the solenoid spools or
fall back down the axial potential gradient in the plasma to the target region. Similarly, the dense plasma
in the anode region rapidly ionizes particles sputtered from cathode surfaces, which are recycled their and
thus segregated from the target region.
The plasma source components (anode and cathode) float relative to the vacuum facility and the grounded
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chamber solenoids. Because of the large area of the grounded solenoids, the plasma tends to float within
an electron temperature of the ground potential over the entire range of discharge currents. Since the bias
applied to the target is made relative to chamber ground, this provides a stable reference potential from
which the ions are accelerated through the sheath to the biased sample. A more detailed description of the
device is provided elsewhere.13, 14
A.

Plasma Diagnostics

Plasma potential profiles near the anode are measured (up to a near unity factor of electron temperature) by
a floating emissive probe. The electron temperature is then measured in the same location with a floating,
asymmetric double probe. An analytical technique allows estimates of the plasma density and potential from
the double probe as well, with potential profiles generally matching those found using the emissive probe.
The double probe has been chosen for this experiment due to the high power deposition expected for a single
probe collecting electron saturation current in the dense, near anode plasma.
1.

Emissive Probe

The floating emissive probe consists of a 6.35 mm diameter tube of double bore alumina with a 0.13 mm
diameter tungsten filament attached to tantalum leads and protruding in a roughly 5 mm diameter semicircle.
The filament is heated by a floating DC power supply and the floating potential measured with a time
resolution of up to about 100 kHz using the circuit of Figure 2a. An LT1055 op-amp is used as a unity
gain buffer to lower the output impedance of the floating potential measurement and increase the bandwidth
capability of the DAQ, a National Instruments PCI-6363.
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Figure 2: (a) Floating emissive probe circuit. (b) Floating emissive probe potential versus heating current
to the filament taken near the anode edge with Pi operating at a 55 A discharge current.
As the emissive probe is heated past a threshold temperature it begins to emit an electron current,
causing it to float at a potential closer to that of the surrounding plasma. When the probe is emitting
enough electrons the plasma sheath becomes space charge saturated and no further electron current can be
drawn from the filament to the plasma. At saturation the probe floats a factor near unity of the electron
temperature below the plasma potential. One can then monitor the floating potential of an emissive probe
heated well into the space charge saturated limit in order to estimate the local plasma potential if the electron
temperature (and the near unity factor) is known.
According to the 1-dimensional analysis of Hobbs & Wesson, an electrode emitting a space charge limited
electron current will float to a potential 1.02Te below the plasma potential for a xenon plasma.16 Fruchtman,
Zoler & Mankrinich calculate the potential of a space charge saturated, electron emitting, cylindrical probe
with a finite sheath size,17 using the Allen-Boyd-Reynolds theory. They find that a probe will float, in a
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high atomic number plasma, from 1.59Te below the plasma potential when the probe is much larger than
the sheath (this is 1.02Te below the potential at the sheath entrance as found by Hobbs & Wesson) to
0.5Te when the probe radius is roughly twice the Debye length (λD ). Double Langmuir probe measurements
described here suggest that our emissive probe radius is never less than 1.7λD during these experiments and
is typically several times larger. We add a constant factor of 1Te to the floating potential measured by the
emissive probe to find an estimate for the plasma potential, which splits the possible range calculated by
Fruchtman et al and corresponds to a probe radius of roughly 10λD based on their results. The uncertainty
of the plasma potential measurements, based on this method, is estimated to be +0.5Te (corresponding to
the upper bound for λD ) and −1Te (accounting for possible operation below saturated electron emission by
∼ 0.5Te ).
The dependence of the emissive probe floating potential on applied heating current is used to judge the
degree of saturation. An example of such a curve is shown in Figure 2b, which shows the floating potential
changing at a rate of about 1 V/A at heater currents above 3 A. We use a constant heater current of 3.25 A in
an attempt to maintain space charge saturated emission at all conditions without overstressing the filament
(which was found to break immediately at currents exceeding about 3.5 A). Saturation of the probe is not
assured at all plasma conditions and if a strong magnetic field component exists parallel to probe holder
the unmagnetized theory we apply should not be expected to hold. However the floating emissive probe
technique is widely utilized18 for its simplicity and low level of impact on the surrounding plasma compared
to a Langmuir probe swept to electron saturation. The normal theory is expected to apply well in our
experiment where the magnetic field is largely perpendicular to the probe and the ion drift speed is low.
2.

Asymmetric Double Probe

Electron temperature measurements are obtained using an asymmetric double Langmuir probe. The double
probe is made up of 0.127 and 0.254 mm diameter tungsten wires inserted into a 1.6 mm outer diameter
double bore alumina insulator with 4 mm diameter holes. The tungsten wires have exposed lengths of
approximately 3 mm and are separated roughly 0.6 mm. Initially, a ceramic paste was added to the face of
the alumina holder to prevent stray current collection through the oversized bores, however this was found
to cause a red glow from the location of the paste during plasma bombardment, with probe traces showing
clear signs of contamination.19 Subsequent probes are manufactured without paste, resulting in apparently
clean current-voltage characteristics (i.e. a single maximum in the slope), and measurements indicating the
plasma sheath is typically large enough to bridge the gaps between alumina and electrode.

(b)
(a)

Figure 3: (a) Floating double probe circuit. (b) Double probe (top) and emissive probe (bottom) probing
the near anode plasma at a low discharge current of 15 A.
The use of a double probe is motivated by the high heat flux expected near the anode where radial
electron currents may exceed 1.5 kA/m2 . A large differential voltage may be applied without either electrode
collecting more electron current than the ion saturation current collected by the other electrode, ensuring
low levels of probe heating without the need for rapid translation. These probes are also minimally invasive,
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since the electrodes float with respect to the plasma potential and never draw excessive currents from the
plasma. The probe circuit, shown in Figure 3a, is similar to that utilized for the emissive probe. Both probes
are shown in the near anode plasma in Figure 3b, with the discharge run at a low setting of 15 A.
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Figure 4: (a) Example double probe current-voltage characteristic demonstrating the Equivalent Resistance
Method (b) Double probe trace split into current-voltage curve for each of the two electrodes. Solid lines
are the result of least squares fitting using Chen’s parametrization of Laframboise theory. Probe 2 has the
larger area so ion collection is less dependent on potential.
An apparently new technique is utilized which allows us to obtain plasma density and potential estimates along with the electron temperature measurements for which double probes are often purposed. This
technique, which is an amalgamation of previous methods, will only be discussed briefly here, with further details and discussion planned for a forthcoming publication. Our method relies on parametrized Laframboise
curves to match the ion current collected as a function of probe voltage below the local plasma potential by
electrodes with different values of probe radius to Debye length ratio, ξ = rp /λD ,. The Laframboise theory
of ion collection for arbitrary probe size has been applied to double probe analysis in the past by Beal et
al ,20 with the primary distinction here being the use of an asymmetric probe resulting in a minimization
problem for two values of ξ.
A simple method for analyzing a small asymmetric double probe is outlined here, where the electron
temperature is first estimated using the Equivalent Resistance Method of Johnson & Malter,21 where the ion
saturation currents are estimated by linear extrapolation to zero differential bias (i.e. the floating potential of
either electrode). An example application of this method is given in Figure 4a where the electron temperature,
Te , is calculated based on extrapolated ion currents, Ii1 and Ii2 , to probes 1 and 2 respectively, using


dVb
Ii1 Ii2
(1)
Te =
Ii1 + Ii2 dI Vb =0
where Vb is the differential bias between electrodes and I the corresponding current. Since the floating
potential of the circuit is known for each differential bias, the current-voltage characteristics can be separated
for each of the two differently sized electrodes, as shown in Figure 4b where the larger radius probe (labeled as
Probe 2) clearly exhibits less voltage dependence in ion saturation as predicted by the theory of Laframboise.
Various fits to the curves calculated by Laframboise exist, that can be used to calculate the ion current to
a cylindrical probe of some size for any probe potential with respect to the local plasma potential, with the
ion density and electron temperature (which together determine λD in a quasineutral, 2 species plasma)
as inputs. The data presented here are analyzed using the parametrization of Chen,22 who presents a fit
applicable down to ξ approaching zero. This parametrization is noted to be less accurate than similar fits
applicable when ξ > 3, but this threshold is often passed for the smaller electrode used here.

(

Ii −4
)
I0

=

(Aη B )−4 + (Cη D )−4
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(2)

Ie

=

I0

r

mi
exp(η)
me

(3)

p
In Equation 2 the ion current, Ii , normalized by I0 = ene Ap Te /(2πmi ), is related to the normalized
probe potential, η = e(Vpl − Vp )/Te and the normalized probe radius, ξ, by fit parameters, A − D, which
themselves depend on ξ. The fit parameters are calculated using Equation 10 and Table 4 from Chen.22
The electron current collected by the probes is also a function of the plasma potential referenced probe
bias, electron density and temperature and is taken in the usual form in Equation 3 assuming a Maxwellian
distribution of electrons. Assuming away any gradients in the plasma parameters between the two electrodes,
we can then apply a common minimization technique (such as Gauss-Newton or Levenberg-Marquardt) to
find the values of Vpl and ne (with Te from the Equivalent Resistance method) that give the best fit of
I(η) = Ie − Ii simultaneously for the two electrodes of different ξ. An example of a least squares fit to the
double probe trace of Figure 4a using Equations 2 & 3 is shown in Figure 4b with solid lines.
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Figure 5: Comparison of plasma potential profiles measured using an emissive probe (solid line) and double
probe (squares) for (a) typical match and (b) poorer match
Plasma potentials calculated using this double probe methodology have been found to yield a close match
to profiles measured with a floating emissive probe (corrected using the electron temperature found with
the double probe). Figure 5a shows a typical case where the double probe derived potential matches the
emissive probe potential within the assumed uncertainty of the emissive probe (+1Te / − 0.5Te ). Uncertainty
in the double probe measure of potential is omitted from the figure for clarity, and is difficult to estimate in
practice, though the appropriateness of each fit may be judged to some extent by the sum of the residuals
squared. Figure 5b gives a comparison representative of an inexact match between the two probes, that is
still quite close considering how far below the plasma potential the electrodes which make up the double
probe remain. Only one case in the experiments reported here was found with a worse match between probes
than that shown in Figure 5b.
The double probe only collects the most energetic electrons from the plasma as it remains biased well
below plasma potential to limit the electron current to levels matching that of the ions. Thus, little information on the electron energy distribution may be obtained unless the degree of probe asymmetry is large. If
the collected electrons are from a Maxwellian distribution the analysis outlined above holds, though it must
be amended if this assumption is no longer valid. Though double probe application is generally limited to
cases where the electron distribution is known it may be expected to be less sensitive than a single Langmuir
probe to inaccuracies caused by the strong magnetic fields since it never draws more current from the plasma
than ought to be available naturally to maintain quasineutrality.
The ion collection theory applied assumes the electron temperature is much higher than the ion temperature, an assumption which has not yet been verified in this device, but is estimated to hold due to low
collisional energy exchange between ions and electron. Additionally, it is assumed that the plasma electron
and ion densities are equal, though this may be inaccurate near the axis where the energetic electrons emitted
from the cathode may represent a significant fraction of the total electron density.
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III.

Near Anode Plasma Measurements

Experiments described here apply constant neutral xenon flow rates of 6 sccm injected through the
cathode and 14 scccm through the auxiliary ring injector just upstream of the anode, resulting in a 1 x 10−4
Torr pressure in the surrounding vacuum chamber (corrected for xenon). Plasma parameter profiles measured
across the vertical center of the device, approximately 1 cm downstream of the anode exit are shown in
Figures 6b & 7 for various values of current applied to the anode solenoid. The discharge is run at 55 A
with cathode, chamber and target magnets set to solenoid currents found to maximize ion flux to the target
at higher discharge currents (∼ 100 A) for continuity with prior testing.13 Discharge voltages necessary to
maintain a 55 A current naturally increase as the anode magnetic field becomes stronger, as demonstrated
in Figure 6a, with the majority of the increased voltage manifest in cathode potentials, Vc , further below
ground, though the potential of the anode, Va = Vc + Vd , is elevated further from ground as well.
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Figure 6: (a)Potentials of the anode, cathode, target (floating) and extrema of the plasma potential profiles
measured near the anode by double probe (filled) and emissive probe (open) as the magnetic field strength
in the anode is altered. (b) Profiles of plasma potential from double probe (filled) and emissive probe (open)
measurements for different anode magnet currents. Dashed lines coincide with anode inner diameter.
Plasma potential measurements, plotted in Figure 6b where they are referenced to the cathode and
normalized by the discharge voltage, reveal a distinct profile in the case where the anode coil is de-energized,
with all measured potentials above that of the anode (which floats <1 V above ground in this case). Even
with no current to the anode magnet the magnetic field strength on axis near the probe is around 70 G so
that the electron larmor radii are still less than 1 mm for electrons of moderate energy. This field is due to
the high coil currents still under application to the cathode and chamber solenoids adjacent to the anode,
which maintain a strong field near the probe though the field around the axial center of the anode drops
below 10 G (as shown in simulations in the Appendix).
Field lines connect the outer radius of the cathode exit orifice to the anode walls, at this setting, so the
plasma may be expected to float above the anode in order to meter the rapid loss of electrons along field
lines. A somewhat unexpected feature of the plasma potential profiles measured in this case is the formation
of a potential well on-axis. The size of this well depends on the probe, with 6 V measured by the double
probe and 2 V measured by emissive probe between the local minimum on-axis and the surrounding maxima.
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Figure 7: Profiles of (a) secondary electron density (b) electron temperature from double probe measurements
for different anode magnet currents. Dashed lines coincide with anode inner diameter.

Increasing the on-axis field strength to over 100 G near the probe leads to a radial electric field which
points towards the axis at all lateral positions within the anode diameter. Measured potentials lie closest to
the anode when the magnetic field strength is still low, corresponding to a coil current of 10 A. Double probe
results show little change between the normalized profiles at 18 A and 22 A, while the emissive probe data
suggest a continual decrease with magnet current in the fraction of the discharge voltage a cathode emitted
electron obtains before reaching the axial location of the probes.
Potential profiles for non-zero values of magnet current resemble those measured in common reflex arc
or Penning type discharges.23 Electrons are well confined by the axial magnetic field while ions can diffuse
readily to the anode, so a radial field must form to confine ions and draw the large electron current necessary
to sustain the discharge. Interestingly, the potential well on axis is close to 6 V below the maximum plasma
potential at all magnetic field settings (including 0 A to the anode coil), which is roughly 3/2Te in all cases
as well. The on-axis potential remains 15 V above the cathode (within 1 V) for the field settings above
100 G, jumping to 25 V above cathode for the lower field strength case (according to the double probe
measurements). The inversion of the potential at low magnetic field has long been a known feature of
cylindrical plasmas and an analytical treatment of this effect is given by Ewald, Crawford & Self,24 though
it is for the case of ambipolar diffusion.
Ion density profiles, shown in Figure 7a, also exhibit trends that change with field strength. No anode
coil current leads to a narrow (2 cm FWHM) density peak inside the region where the radial electric field
points towards the axis, with a low, broad (5.7 cm FWHM) density distribution at higher radius. Increasing
the anode coil to 10 A causes a dramatic increase in density everywhere (by over a factor of 3), a slight
increase in the width of the inner beam and a rise in the density at high radius relative to the on-axis density.
An anode magnet current of 18 A (140 G at the probes) actually results in a decrease in the density of the
on-axis beam, compensated by an increase in density where r >2 cm. Further increases in magnetic field
strength result in a slight rise in density everywhere, with the inner beam essentially blending in with the
wide density profile of the outer plasma.
The change in the relative density found on-axis compared to the anode radius may easily be expected
from Figure 6a assuming the inner beam is dominated by the energetic electrons from the cathode and
the outer beam is comprised of electrons created through inelastic collisions with the neutral background
(with ions relatively free to fill all regions). Comparing the voltage between cathode and the on-axis plasma
potential minimum with the voltage from the axis to the anode we see trends with magnet coil settings that
mirror those in beam density ratios. A 0 A coil current the inner beam density is at its highest relative to
the outer beam and correspondingly, the energy gained by cathode electrons is at its maximum value. From
10 to 22 A the voltage from cathode to plasma minimum is relatively constant, but the voltage from axis
to cathode is steadily increasing as is the ratio of outer beam to inner beam density. The plasma electrons
generated from inelastic collisions carry the cross-field current to the anode, experience higher levels of Joule
heating as the magnetic field is raised, contributing to increased ionization by these secondary electrons as
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they make their way to the anode.
Electron temperature profiles, shown in Figure 7b, generally exhibit a shallow minima near the axis,
similar to measurements in a reflex arc,25 with maxima occurring within 1 cm of the axis. The elevated
temperatures just off axis may be due to Joule heating of the electrons by the inward pointing electric field.
Measured radial temperature gradients are small (<1 eV within an anode radius) when the magnetic field is
>100 G at the probes, while the temperature drops rapidly with radial location (e-folding length of ∼2 cm)
when the anode magnet coil is de-energized. This rapid drop in temperature may be due to the connection
of magnetic field lines directly to anode surfaces at high radial positions. A large parallel resistivity would
be required to maintain high temperatures here.
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Figure 8: Power spectral densities of floating emissive probe potential for different anode magnet current
settings averaged over measurements taken (a) within 5 mm of the axis and (b) 5 to 40 mm off axis.
Fluctuations in the floating potential measured on the hot emissive probe are presented in the power
spectral density plots of Figure 8, where the near-axis region (r <5 mm) is separated from the outer region due to prominent differences in the spectral content. An 8-20 kHz mode, exhibiting a roughly linear
frequency dependence on magnetic field strength, appears to dominate the plasma potential oscillations.
These oscillations have an amplitude as high as ±0.15Vd with sharp peaks resulting in the second and third
harmonics apparent in the spectral density plots. The amplitude of this mode appears to decrease gradually
as the anode magnet current is decreased from 22 to 10 A, with a sharp drop-off in all oscillations at the
lowest magnetic field strength setting tested.
The amplitude of the 8-20 kHz oscillations found at high magnetic field strength diminishes near the axis,
where an 80-90 kHz mode becomes prevalent. The frequency of this higher frequency mode also appears to
increase roughly linearly with anode magnet current, with lower amplitudes at low current. Another peak
can be identified in the power spectral density near 70 kHz, which appears to be a beat frequency between
the lower frequency oscillations dominant at high radius and the 90 kHz mode found on-axis.
The electron density gradient and radial electric fields measured are known to drive drift instabilities in
reflex arc discharges,23 however these instabilities lead to oscillation frequencies proportional to the electron
azimuthal drift speed, which in our case is decreasing as the magnetic field strength is augmented. An antidrift mode may exist, with a frequency inversely proportional to the drift speed, but the predicted frequency
from our measurements of an m=1 mode of this type is about an order of magnitude lower than the 10 kHz
oscillations observed. In the approximate regime relevant here, the anti-drift mode frequency is noted by
Frias et al 26 to scale as ω ≃ ωci kθ Ln where the electron density scale length is Ln = [∂/∂r(ln ne )]−1 ∼ 2 cm,
based on measurements shown here, and the azimuthal wavenumber is kθ = 2π/λ ∼ 1/(2 cm) for an m=1
mode at the radial location of highest measured fluctuation amplitude.
The measured frequency of the 10 kHz range modes are noted to be essentially independent of the location
of the measurement while the ion cyclotron frequency can vary in the measurement range by up to a factor
of 2 and the drift speeds calculated from the measured profiles are non-monotonic (a strong shear exists
where the radial electric field switches signs). A purely azimuthal mode ought to have a linear dispersion in
our case. A possible candidate is the Modified Simon-Hoh instability measured and formulated by Sakawa et
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al ,27 who find an oscillation with a frequency nearly an order of magnitude above ωci , independent of radial
location and an increasing function of magnetic field. This mode is similar to the normal drift wave seen in
cylindrical plasmas, but differs in that azimuthal charge separation is brought about by the large gyroradius
of the unmagnetized ions rather than through collisional drag on the ion fluid.
The derived dispersion relation shows the frequency is nearly equal to the azimuthal transit frequency of
the ions and that the instability is excited when both the ion azimuthal drift speed is lower than the ExB
speed and the azimuthal electron drifts due to the radial electric field and pressure gradient are in the same
direction. The condition that the electron drifts are additive for the instability to propagate may explain the
cutoff observed here at low magnetic field, when the radial electric field switches signs. The experiments of
Sakawa et al were performed in a linear device with a small discharge current collected by an axially located
electrode rather than the cylindrical discharge employed here where large radial electron currents exist.
A rotational instability with similar dependence of frequency on magnetic field strength is found in the
linear Mistral device and is captured in the model of Annaratone et al .28 The instability is described as a
connection between the central plasma column and the current collecting, radial boundary by an azimuthally
finite ‘arm’, that begins as an m=1 mode at low magnetic field. The rotational frequency is equal to the
azimuthal drift speed of ions, which is assumed to be on the same order as the electron azimuthal drift in
the plasma arm. The oscillations in Pi, described here, are suspected to be due to a mechanism similar to
what is found by Sakawa and Annaratone, though further measurements are required before the instability
can be identified.

IV.

Conclusion

Measurements of the plasma conditions near the anode of a device designed for plasma-material interactions experiments reveal large differences in trends with anode magnet field strength at low and high field
settings. When the anode electromagnet is deactivated the plasma potential is always above the anode
potential, with a radial electric field that switches signs near the axis of the device, to confine ions on-axis
where a beam of energetic electrons emitted by the cathode is expected to persist. Increasing the magnetic
field strength constricts electron collection on the anode to the point where the electric field everywhere
(inside the anode radius) must act to promote the radial transport of electrons.
A narrow beam of high ion density appears to broaden, and at some point decrease in amplitude as
the magnetic field strength inside the anode is raised. This result seems somewhat counter-intuitive since
the magnetic field tends to have a constricting affect on the plasma, however it is explained by simple
arguments based on the changes in potential differences between the cathode, the on-axis plasma and the
anode. Measured electron densities near the anode of > 1018 m−3 are high enough to promote redeposition
of materials sputtered from cathode surfaces back to the discharge surfaces rather than contaminating target
surfaces.
An alternative double probe technique described here has yielded plasma potential measurements that
closely matched those found using a common emissive probe method for a majority of test conditions. This
technique may provide a simply implemented method for measuring electron density, temperature, and
plasma potential in a dense plasma without the need for fast translation to avoid overheating.
Additionally, oscillations in the floating potential of an emissive probe are observed which have a radial
spatial dependence only very close to the axis of symmetry. These oscillations occur at low frequencies,
with one band at 8-20 kHz and another at 80-90 kHz, both lying well within the range between the ion
cyclotron frequency, fci ∼1 kHz, and the lower hybrid frequency, flh ∼500 kHz. The lower frequency
modes are believed to be azimuthally propagating with a linear dispersion due to prevalence of plasma
rotation in similar devices. Future work will be dedicated to the full spatio-temporal characterization of
these oscillations. Measurements shown here will be used to validate numerical models of the device9 which
are in turn intended to inform improvements to facility design.
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A.

Appendix: Magnetic Field Simulations

(a)

(b)

(c)

Figure 9: Maxwell simulation of magnetic field with anode magnet currents of (a) 0A (b) 10A and (c) 22A
focusing on the region of the discharge.
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