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With high-speed imaging, it is possible to directly observe the time-evolution of the macroscopic
behavior of the discharge plasma in a magnetoplasmadynamic thruster (MPDT). By utilizing direct
high-speed imaging capable of capturing many images over the course of a single discharge, the
velocity of the cathode erosion particles can be measured, opening the possibility of a novel,
noninvasive technique for discharge plasma flow field velocimetry. In this work, an 8 kA argon
MPDT discharge is imaged at 26 173 fps utilizing a 0.9 neutral density filter. The camera is aligned
with thruster centerline 4 m downstream of the thruster exit plane. By tracking visible particles
appearing in the multiple images, the particle motion in the radial and azimuthal directions is directly
imaged. Through the use of traditional techniques in digital particle image velocimetry, the cathode
particles emanating from the discharge are measured to have a mean radial velocity of 44.6 ± 6.0 m/s
with a 95% confidence interval and a statistically insignificant azimuthal velocity. The setup and
analysis employed permits measurement of the particle velocity in orthogonal direction to the image
sensor plane using a single camera. By combining a background removal subtraction technique and
knowledge of the optical focal plane, the estimated mean axial velocity of the particles is 1.59 km/s.
This investigation ends with a discussion of important factors to consider for future MPDT high-speed
imaging particle velocimetry, such as frame-rate, image size, spatial resolution, optics, and data
handling selections. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927477]

I. INTRODUCTION

For the benefits of electric propulsion to be realized
for human exploration or “fast” unmanned missions, plasma
accelerator technologies must be able to handle power densi-
ties greater than what is feasible with current Hall effect
thruster and ion thruster architectures. Magnetoplasmady-
namic thrusters (MPDTs) are a viable candidate that can
operate in the high-power regime at the high power densities
necessary for such missions. In principal, a MPDT operating at
MW power levels can achieve specific impulses over the range
of 1700-4000 s at thrust levels in the 10 s of newtons.1–3 Exper-
imental performance characterization at these power levels
has identified fundamental problems regarding the discharge
plasma stability and electrode erosion.1,2,4–8

The MPDT is a coaxial-type plasma accelerator, and a
generalized cross-sectional view of which is shown in Fig. 1.
A center electrode, commonly referred to as the cathode, is
constructed of a thermionically emissive material. The outer
electrode, the anode, is concentrically placed around the cath-
ode with a gap between the two electrodes. A voltage potential
is established between the anode and the cathode to drive
current within the discharge channel. When a plasma discharge
is initiated, it serves to complete the electrical circuit between

a)Authors to whom correspondence should be addressed. Electronic ad-
dresses: jwalker30@gatech.edu and mitchell.walker@ae.gatech.edu

the anode and cathode. The discharge is initiated by flowing
propellant in the channel between the electrodes and then
applying sufficient voltage between the cathode and the anode
to ionize the gas in the gap, thus generating a plasma.1,2 The
high current that flows as a result is often large enough to
produce its own appreciable azimuthal magnetic field that
interacts with the current to yield a “j × B” Lorentz body force.
This kind of MPDT is often referred to as a self-field configu-
ration as the magnetic field is both generated by and interacts
with the discharge current. The axial component of the body
force acts to directly accelerate the plasma out of the thruster.

For optimal performance and to minimize anode and
cathode erosion, an azimuthally symmetric, uniform plasma
discharge is desirable. However, with discharge currents on
the order of 10 kA, a concentrated, localized arc structure can
form. These arcs can arise through plasma instabilities, geo-
metric asymmetries, or surface defects in the MPDT. Local-
ized arc attachment to the cathode can produce significant
heating and the ejection of cathode material in the form of large
particles. As an example, enhanced thermal loading owing
to localized arc attachment has been documented to enhance
erosion rates of the cathode when a thruster is just starting
and still cold. Arc attachment and localized thermal loading
has been observed to produce average cathode erosion rates
as high as 16.7 µg/C at start-up, while it is often <0.2 µg/C
during steady-state operation.9,10 Real-time measurements of
cathode erosion in a MPDT have not previously been achieved;
therefore, it has been unclear as to the overall distribution of
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FIG. 1. Notional diagram showing basic MPDT operation. Not to scale.

sizes of cathode-sourced particles in the discharge plasma.
However, due to the brittle nature of tungsten and the high
thermal loading on the cathode, fragmentation and ejection of
large particles of the cathode are possible.

Recently, Walker et al.11 observed macroscopic particles
in both high-speed and long exposure imaging and postulated
that these particles emanate from the cathode. While that
work did not focus on an analysis of the particles, it was
observed that they appeared to have significant axial and
radial velocities. In the present paper, we examine the visible
particles in the high-speed images first presented in the work
of Walker et al.,11 using the images to quantitatively measure
their velocities.

Past efforts to measure the flow-field in a MPDT have
relied on laser induced absorption velocimetry.12 These tech-
niques have the benefit of being non-invasive to the flowfield
and are able to precisely measure the velocity distribution of
various species. Such techniques require line-of-sight between
the laser source and the photo-multiplier tube. As MPDTs are
typically coaxial-type devices, achieving line-of-sight within
the thruster requires unusual thruster geometries and/or cut-
outs in the sides of the thruster.12–14 While modifications to the
physical geometry of the MPDT are not ideal and can introduce
additional variations in an already complicated device, Kine-
fuchi et al.12 reasoned and demonstrated that a 2-dimensional
geometry would not introduce anomalous behavior from that
of the typical coaxial accelerator.

The advent of high-speed imaging presents the opportu-
nity for velocimetry measurements in a MPDT that are non-
invasive to the flow field and do not involve modifications to
physical geometry of the thruster. The present investigation is
a proof-of-concept demonstration where digital particle image
velocimetry (DPIV) is applied to the MPDT discharge plasma.
In this case, the velocimetry uses already present cathode
erosion particles as seed particles. Velocimetry information,
gained from further refinements of this technique, may be
helpful in understanding the underlying physical acceleration
mechanisms in a MPDT discharge by providing valuable flow-
field data necessary to validate current models. While the work
presented in this paper is only a proof-of-concept, the demon-
strated technique may be used in future MPDT testing, with

high-speed imaging used to obtain temporally and spatially
resolved discharge plasma velocity flow-field measurements.

II. EXPERIMENTAL APPARATUS

In Secs. II A–II E, we give a brief overview of the facil-
ities, experimental hardware, and data acquisition systems
used to support the testing of a self-field MPDT operating near
the critical current regime.

A. Vacuum chamber

All of the experiments are performed in the Vacuum Test
Facility-2 (VTF-2) at the Georgia Institute of Technology.
Fig. 2 shows a schematic of VTF-2 and the relative locations
of the MPDT and diagnostics. VTF-2 is a 9.2-m long and 4.9-
m diameter stainless steel chamber. It is evacuated to rough
vacuum with one 3800 CFM blower and one 495 CFM (cu-
bic feet per minute) rotary-vane pump. Ten liquid nitrogen
cooled shrouded CVI TM-1200i re-entrant helium gas cycle
cryopumps with a combined pumping speed of 620 000 l/s on
argon bring the chamber to a base pressure of 6 × 10−9 Torr
(measured on N2). A Stirling Cryogenics SPC-8 RL special
closed-looped nitrogen liquefaction system supplies liquid ni-
trogen to the cryopump shrouds.15 Two high-vacuum ioniza-
tion gauges, a Varian model 571 and a Bayard-Alpert model
UHV-24, are mounted on opposing sides of the chamber with
a measurement uncertainty of ±25% of the indicated pressure
for both ionization gauges.

B. MPD thruster

The thruster features a design similar to the MW-class
thruster developed and tested at the NASA Glenn Research
Center.2,16 The thruster is a self-field configuration, featuring
a 3/4-in. thoriated tungsten center cathode, 2.5-in. wide by
2.1-in. length discharge channel, and a 3-in. thick stainless
steel anode. A more detailed description of the NASA Glenn
Research MPD thruster geometry can be found in the work
of LaPointe and Pencil.16 The MPDT is designed to handle
power levels above 1 MW in a pulsed firing configuration.
Fig. 3 shows a detailed frontal view of the thruster assembly.
Magnetic nozzle coils are wrapped around the nozzle of the
thruster, but these coils were held at thruster body ground
potential and not powered during the testing described in this
paper.

FIG. 2. Overhead view of the facility layout. Not to scale.
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FIG. 3. Front view of thruster assembly. The magnetic nozzle coil windings
are not visible in the image presented and are located behind the surface
labeled “Magnetic Nozzle Coil.”

C. The pulse forming network (PFN)

Fig. 4 shows a schematic of the PFN used to power
the discharge. The PFN consists of seven 360-µF, 10-kV
metalized-film capacitors with seven wound inductors con-
nected in a Rayleigh line configuration. The total capaci-
tance of the PFN is 2.52 mF with a maximum stored energy
of 126 kJ. Because capacitors of equal size are used, the
impedance of the PFN is high compared to other Guillemin-
type networks that can have impedances on the order of the
arc resistance ∼10 mΩ. The inductors are composed of wire
(#2-AWG (American Wire Gauge)) wrapped around 24-in.
diameter PVC piping, with the winding held in place by
Lexan bracketing. The PFN features a custom built 200-mΩ
resistive ballast load and an emergency energy dump pathway.
A hammer-type tungsten rod switching mechanism controls
the PFN pulsing system. Circuit response simulations show
that under the conditions listed above, the PFN can deliver
an approximately flat-topped 10-kA pulse lasting for longer
than 3.5 ms. Power is supplied to the MPDT through 2 pairs
of 10 kV feedthroughs located on separate flanges.

D. Pulsed gas feed system

The thruster was designed to operate at mass flow rates
greater than 0.3 g/s. Since these are high mass flow rates, a

pulsed gas feed system like that used in the work of LaPointe
and Mikellides2 was employed to maintain a facility operating
pressure in the low 10−5 Torr range during testing. The system
features a 678 in.3 internal volume scuba tank rated to 3000 psi
as a propellant plenum and an Omega SV251 3-way solenoid
valve. A 0.0625-in. stainless steel tube serves as a choke in
the system. The plenum is connected to a bottle of 99.999%
purity argon and maintained at a desired pressure with a calcu-
lated pressure drop less than 0.02% during each gas pulse.
Adjustment of the plenum pressure allows for control of the
mass flow rate during a pulse. Using the calibration method
outlined in the work of LaPointe and Mikellides,2 a mass flow
rate uncertainty of less than ±5% is expected. For a gas pulse
duration of 1 s, the maximum expected background pressure
during operation is between 7.8 × 10−6 and 1.5 × 10−5 Torr,
corrected for argon and found using the following equation:

Par = Pb +
Ps − Pb

Cargon
, (1)

where Par is the pressure corrected argon in units of Torr, Pb

is the measured base pressure in units of Torr, Ps is the indi-
cated pressure in units of Torr, and the correction factor Cargon

is 1.29.

E. Data acquisition and imaging

A Tektronix DPO4045 oscilloscope and a Pearson model
1330 current transformer were used to sample the discharge
current profile. The bandwidth of the oscilloscope is 500 MHz
and the maximum sampling rate is 2.5 GS/s. The current trans-
former has a maximum measureable peak current of 100 kA
and a useable rise time of 0.25 µs. To ensure that the current
measured accurately reflects the actual discharge current, the
measurement is performed very near to the thruster with the
current transformer located in the vacuum chamber 1 m from
the thruster (see Fig. 5).

A Tektronix DPO7354C oscilloscope was used to sample
the voltage of both the anode and cathode relative-to-ground.
The bandwidth of the oscilloscope is 3.5 GHz, acquiring
12-bit data at a maximum sampling rate of up to 40 GS/s.
The differential voltages between the electrodes and ground
are measured using two Tektronix P6015A 1000:1 1 MHz
bandwidth high-voltage probes. These probes are located on
the atmosphere side of the power feedthrough flange as shown
in Fig. 5 because the voltage probes are not vacuum compat-
ible. The overall voltage across the thruster is calculated as the
difference between the two voltage measurements.

FIG. 4. Electrical schematic of the PFN. The 200 mΩ resistive ballast load and is shown on the right-hand side.
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FIG. 5. Electrical diagnostic schematic showing the current and voltage
diagnostic measurement points relative to the MPDT.

The current monitor and both voltage probes have an
instrument uncertainty of ±1% of the measured value. Based
on simulated discharges of the PFN and experimental results
from Refs. 2, 3, 14, and 17, this data acquisition system can
resolve features in the 1 MHz frequency range, which is more
than sufficient to capture the discharge voltage and current
profiles during thruster operation.

A Phantom v7.2 high-speed camera was used to image
the discharge. The frame rate was set to 26 143 fps, yielding
a maximum image size of 256 × 256 pixels. The camera is
aligned axially with the MPDT, with a 12-in. diameter Lexan
viewport providing optical access to the thruster during testing
as shown in Fig. 2. The distance between the camera front
lens element and the MPDT discharge channel exit plane
was 4.00 ± 0.02 m. The lens has a calculated focal length of
130 mm and an f-stop number of 11. During some thruster
pulses, a 0.9 neutral density filter is used to view the overall
light emission of the thruster. On separate thruster pulses,
instead of the neutral density filter, a 488-nm line filter with
a 10-nm bandwidth (corresponding to an argon ion spectral
emission line) was used to capture light emission from the
thruster. All high-speed data systems are triggered on the initial
current rise as measured by the current transformer.

III. EXPERIMENTAL RESULTS

Before beginning the analysis of the imaged particles, it
was necessary to demonstrate that the MPDT was operating
nominally and verify that the particles seen in the imaging were
indeed sourced from the cathode. In the first part of the present
section, experimental results from the thruster operating at
nominal condition are presented. A brief comparison is made
to previously published data on this thruster to establish that
it is operating as intended. In the second part of this section,
the imaging is examined to determine if concentrations of light
that appear in the images represent cathode sourced particles.
To do this, it is first verified through a background removal
process that these concentrations of light are not artifacts of
the imaging. Then, the images acquired using a neutral density

FIG. 6. Nominal MPDT operation showing voltage drop between the cath-
ode and the anode (top) and current (bottom) waveforms for a mass flow rate
of 0.36 g/s.

filter and a 488 nm notch filter are compared. In doing so, it is
confirmed that these concentrations of light are not due to any
local concentrations of discharge plasma.

A. Quasi-steady state thruster operating condition

The nominal operating condition of the MPDT for all of
the imaging presented in this paper is an 8 kA discharge current
with a mass flow rate of 0.36 g/s of argon. Fig. 6 is waveforms
of the quasi-steady-state voltage and current delivered to the
thruster by the PFN. The absence of high-frequency voltage
oscillations is a clear indication that the thruster was oper-
ating below the so-called “onset” condition. In comparison
to other experiments utilizing this MPDT design, the voltage
drop across the cathode is approximately 128 V higher than
what has been previously observed.2 This voltage difference
is due to the PFN impedance, which is much higher than the
impedance of the PFN utilized at NASA GRC.

B. Observed cathode particulates in the discharge

To aid in the discussion of the imaging, a coordinate sys-
tem for the thruster is shown in Figs. 2 and 3. The axial direc-
tion is defined as aligned with the centerline of the thruster and
pointed downstream. The radial direction origin is fixed on the
thruster centerline, with the azimuthal direction being around
the centerline. Imaging performed using the neutral density
filter during MPDT operation revealed concentrated regions of
light forming near the exterior edge of the discharge channel
and propagating radially towards the outer edge of the anode.
An examination of the imaging aimed at determining if the
concentrations of light are indeed particles sourced from the
cathode is described below.

As shown in Fig. 7, the concentrations of light are diffi-
cult to see against the background of the plasma discharge
in the raw imaging. To help in enhancing the contrast be-
tween these concentrations of light and the plasma discharge,
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FIG. 7. MPDT discharge image processing for two different times showing: (a) raw unprocessed images, (b) images after application of the background removal
process, and (c) the same image in (b) with particles identified and highlighted by yellow dots.

a background subtraction algorithm commonly used in digital
particle interference velocimetry is applied.18 In this process,
a local pixel intensity temporal minimum value is established
for each pixel. The pixel minimum is the lowest pixel inten-
sity observed in the frames before and after the frame under-
going the background subtraction process for the respective
pixel. Once the local minimum is established for each pixel,
the local minimum value is then subtracted from the current
pixel values. This technique can remove slow moving particles
from the imagining if the time window is not large enough
to capture the movement of the particle. It is therefore neces-
sary to tune the length of the time domain for the minimum
pixel intensity throughout the imaging to avoid the deletion
of slow moving particles, increase the contrast between the
concentrations of light, and minimize the introduction of noise.
The results of this processing effectively remove the static
background of the image, including much of the quasi-steady
plasma discharge light emission. Fig. 7 shows results of this
processing technique applied to two images that were acquired
using the neutral density filter. In this imaging, concentrated
regions of light between 1 and 3 pixels in diameter can be
seen propagating radially from the discharge channel. These
areas are highlighted in the final figure on each row. Once

the concentrated regions of light appear in the imaging, they
move outward radially. These concentrations of light appear
at random time intervals, which is to be expected if these
concentrations of light are in fact cathode-sourced particles.
Tracing the trajectory of these particles leads to a source within
the discharge channel. However, these concentrations of light
cannot be seen within the discharge channel since the light
there fully saturates the camera to a maximum pixel value
intensity of 255. When the background subtraction process is
applied to this region, all that remains is the black central circle
in the second and third images on each row in Fig. 7, making
it impossible to identify anything else in the channel.

To ensure that these concentrations of light are not due
local concentrations of discharge plasma, background removal
process was applied the second time to the images acquired
using the 488-nm argon ion line filter. In this processing, unlike
in Fig. 7, the images contained no similar concentrations of
light propagating radially outward from the discharge channel
region. This absence implies that the propagating concentra-
tions of light seen in Fig. 7 are not argon plasma. Based on
the trajectory of these light concentrations after they exit the
discharge region and the significant erosion of the cathode, as
seen in the pre- and post-test images in Fig. 8, it is claimed

FIG. 8. Picture of MPDT (a) before and (b) after several pulses, showing the effects of erosion on the cathode (central electrode).
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that these moving concentrations of light are particles that have
been ejected from the cathode.

IV. VELOCITY MEASUREMENTS

Sections IV A and IV B detail the analysis of the post-
processed images using velocimetry on the cathode parti-
cles. The velocity analysis is split into two sections: radial-
azimuthal velocimetry and axial velocimetry.

A. Radial and azimuthal particle velocimetry

The head-on orientation of the camera to the MPDT
makes radial and azimuthal particle velocity tracking a
straight-forward process where we simply follow the particles
across the imaged area from one frame to the next. To accom-
plish this tracking, the particles must be identified in each
frame and then correlated or matched to observed particles in
temporally adjacent frames. In doing so, the trajectory of the
particle can be traced frame-by-frame to calculate the velocity.
Two separate data extraction and particle velocity measure-
ment techniques are compared in this section and exhibit quan-
titative agreement regarding the measured average particle
velocities.

Attempts to use algorithms to automatically identify parti-
cles against the background failed because the particle density
and contrast were too low for reliable, repeatable particle
identification. Because of this limitation, each particle was
identified manually in every frame. An open-source MATLAB
tracking library based on the IDL (Interactive Data Language)
particle tracking software is used to correlate the particles
between frames. The tracking library is based on the math-
ematical algorithms described in the work of Crocker and
Grier.19 In the tracking process, particles in each frame are
matched with corresponding particles in subsequent frames,
yielding particle trajectories over time. The tracked particles
have a diameter on the order of 1.6 mm or smaller. The radial
components of the velocity are calculated directly by taking
the particle displacement per frame and dividing by the time
step. After removal of the statistical outliers, taken as values
exceeding 1.5 times the interquartile range of the data, this
method yields an average radial particle velocity of 50.2 m/s
with a standard deviation of 10.0 m/s. The standard devi-
ation is the classically defined range around the mean that
encompasses 68.2% of the data. The azimuthal velocity was
measured to be 19 m/s with a standard deviation of 11.8 m/s.
An azimuthal particle velocity measured in meters per second
includes errors associated with both the radial and azimuthal
positional accuracy of the particle’s centroid. To decouple
the positional error associated with the radial and azimuthal
particle centroid location, the azimuthal particle velocity is
then calculated in radians per second. The azimuthal particle
velocity in radians per second is measured to be 487 rads/s
with a standard deviation of 315 rads/s. At the given frame
rate, a 487 rad/s azimuthal velocity corresponds to a position
change of 18.6 mrads or 1.06◦ between frames. This change
in angular position is small enough that slight variations in
where the particle centroid is identified make it difficult to
accurately determine the frame-to-frame azimuthal velocity.

While the large standard deviation implies a wide range of
azimuthal velocities, these changes are all still quite small,
with the largest azimuthal velocity, 802 rads/s, measured, cor-
responding to an azimuthal position change between sequen-
tial frames of less than 1 pixel. By way of comparison, the
much larger radial frame-to-frame position change can be as
high as 3 pixels. The azimuthal velocity corresponds to a
positional change in the sub-pixel range. This small change
in position can be accurately correlated to a velocity with the
particle tracking library; however, it is difficult to quantify the
positional uncertainty of the particle’s centroid location. If it is
assumed to be 1 pixel, the frame-to-frame azimuthal velocity
uncertainty is greater than the measured azimuthal velocity for
all particles. This investigation includes the azimuthal velocity
measurement because the analysis techniques using particle
centroids and the particle tracking library are capable of corre-
lating subpixel displacements to a velocity.

The particle tracking software can only achieve consis-
tent results by assuming a priori knowledge of the maximum
particle displacement between frames to correlate individual
particles across several frames. With this limitation in mind,
velocity measurements were performed in a second way as a
check to verify that the azimuthal and radial velocities found
in the previous paragraph are of the correct order of magni-
tude. Fig. 9 shows the radial positions of many particles for a
subset of the total imaging time. Using a least squares linear
regression fit of the data, the calculated slope of the regression
is taken to correspond to the average particle velocity. The
limitation of this regression method is that in order for the slope
to correspond to the particle velocities, the regression must be
done on the same group of particles over time. Consequently,
the accuracy of this method depends heavily on the ability
to track a group of particles. Without a priori knowledge of
the particles’ trajectories, it is difficult to correlate a specific
particle over subsequent frames and establish a fixed group of
particles to follow. Since the goal of this second technique is
to try to measure the group particle velocity without the use
of a priori knowledge of the particle trajectories, the linear
regression is applied to all particles appearing during a small
subset of the imaging time. Since these particles originate from

FIG. 9. Radial particle position as a function of time. Data are shown for a
subset of the particles identified in the imaging.
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the cathode, new particles appearing at later times will artifi-
cially lower the slope of the regression. To aid in understanding
the statistical and physical meaning of the linear regression
fit, it is necessary to review certain principles of linear regres-
sion. In this method, the slope of the regression is used to
statically estimate the velocity of the particles imaged. As the
slope is a statistically calculated estimate, the linear regression
slope represents a statistical random variable with an assumed
normal distribution of a mean and standard deviation. Because
of this, it is possible that the linear regression is a result of
random happenstance and not statistically significant.

As a means of measuring the statistical significance, the
95% confidence interval is utilized; if one were to repeat the
linear regression on statistically similar data, the calculated
slope would fall within the confidence interval 95% of the time.
In measuring the statistical significance of the linear regression
slope, a 95% confidence interval that does not include a zero
crossing means that the linear regression slope is non-trivial
and therefore statistically significant. It is also interpreted that
the confidence interval of a linear regression slope gives a
range of statistically likely values. To avoid confusion, it is
important to note that the slope confidence interval and the
linear regression confidence interval shown as dashed lines in
Figs. 9 and 10 are fundamentally two different quantities. The
confidence interval for the linear regression fit is representative
of the ability of the linear model to statistically predict the
data. As such, the width of the linear regression confidence
interval is the smallest close to the arithmetic mean of the data.
The width of this confidence interval grows larger towards the
dataset maximum and minimum. The measured radial velocity
via the regression is 44.6 m/s with a ±6.0 m/s 95% confidence
interval. Comparing the radial velocity measured via the parti-
cle tracking library approach and the linear regression in Fig. 9,
we find that the two do, within the confidence intervals, exhibit
quantitative agreement. Fig. 10 shows that the linear regression
process applied to a small group of particles moving in the
azimuthal direction yields an azimuthal velocity of 237 rad/s
with a ±45 rads/s with a 95% confidence interval. This group
of particles is smaller than that used in the radial velocity

FIG. 10. Azimuthal particle position as a function of time shown for a subset
of the particles identified in the imaging.

linear regression because the small angular position changes
of the particles produced only slight variations in their centroid
locations and led to trivial linear regression fits. The group
of particles shown in Fig. 10 represents a small sub-sample
of particles detected that led to a non-trivial regression fit.
Comparison of the azimuthal particle velocities found using
the two methods again find good quantitative agreement.

B. Axial velocimetry of cathode particles

The orientation of the camera relative to the thruster does
not allow for measurement of the axial velocity of the particles
by tracking their movement across the picture. However, an
estimate of the axial velocity of some particles is possible by
examination of a certain class of particles. To better understand
how this estimate is performed, the effect of the background
removal process on particles moving outside of the depth-of-
field of the optics is first considered. As the particles traverse
downstream, they will at some point pass through an axial
position where, given the optics of the camera, they are no
longer in focus. As the particles pass through the focal plane,
their images will blur with the light continuing to spread over
a larger area on the sensor until it simply becomes an indis-
tinguishable part of the background light. If the radial velocity
of the particles is small relative to the axial velocity, they will
disappear from the image not because they traversed the radial
distance across the anode face but because they have translated
axially through the focal plane. The further these particles
are located from the focal plane of the optics, the more their
light becomes blurred into the background of the image. The
background removal process enhances the removal of these
particles. Since the focal plane of the lens has fixed spatial
thickness, the number of frames it takes before a particle
traverses this distance and is out of sight can be correlated to
a velocity. The boundaries of this focal plane, past which the
particles become sufficiently defocused to be removed from
the imaging, is not known precisely, but can be estimated using
the classical focal plane optics relations,20

H =
f 2

Nc
+ f , (2)

Dn =
s (H − f )

H + s − 2 f
, (3)

D f =
s (H − f )

H − s
, (4)

where H is the hyperfocal distance in units of mm, f is the
focal length in units of mm, N is the F-stop aperture number,
c is the diameter of the airy disk for the lens and camera used in
units of mm, s is the distance to the object in units of mm, Dn

and D f are the focal plane near and far limits respectively in
units of mm, The calculated depth of field near limit Dn and far
limit D f are 3.85 m and 4.16 m, respectively. Thus, the depth
of the focal plane is 0.31 m. While the precise location of the
focal plane was not measured for this particular set of tests, the
lens is focused such that the cathode, anode face, and interior of
the discharge channel are sharply resolved. Consequently, we
take this position as being the far limit on the focal plane, with
an overall depth of field through which resolved particles can
travel being 0.26 m, which is the size of the focal plane minus
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the depth of the discharge channel. This limit in focal plane size
subsequently places a 3400 m/s limit on the maximum axial
velocity measurable with this technique.

Because of the specific requirement that the particles exit
the image through axial instead of radial motion, only a select
number of particles imaged are viable candidates for the use
of this technique. In total for the dataset analyzed, only six
particles meet the special requirements for this technique to
be applicable. The mean of the axial velocity measured in
this way was 1590 m/s with the maximum and minimum
velocities being 2270 m/s and 1130 m/s, respectively. These
particle velocities are within the range of possibility for the
plasma discharge of a MPDT operating at 8 kA of discharge
current.1,21 What has been demonstrated is a viable proof-of-
concept measurement technique that gives an estimate of axial
particle velocity that would have been otherwise unattainable.

V. DISCUSSION

In this section, we present lessons learned and critical
points of consideration to aid future experiments seeking to
perform velocimetry measurements via the methods described
in this investigation.

A. Camera

The camera selection is one of the most important ele-
ments when implementing the velocimetry setup described in
this paper. For a given high speed imaging camera, there is
a trade-off between frame rate and image size. The optimum
condition involves a camera that when operating at a fast frame
rate still has enough spatial resolution to observe frame-to-
frame particle motion. As an example, the Phantom v7.2 cam-
era used in this experiment had an imaged area of 256 × 256
pixels, which at the distance of the thruster corresponded to a
spatial resolution of 1.06 mm/pixel. This places a lower bound
both on the size of particles and the minimum particle motion
that could be resolved. In this work, the radial particle velocity
is on the order of 50 m/s, which at 26 173 fps implies that the
particle displacement of no more than 1-2 pixels per frame.

The decision between utilizing a camera capable of color
imaging and a monochromatic camera can impact the intensity
of light reaching the CCD. While a CCD or complementary
metal-oxide sensor has variable quantum efficiency, depending
on the wavelength of the light incidence on the sensor, an
individual pixel element cannot measure the wavelength and
instead only records the intensity of the light. To achieve
color imaging, a “red, green, green, blue” filter pattern, also
known as a Bayer filter, is overlaid directly onto the sensor.
The filter decreases the light reaching the sensor in two ways.
First, the color filter attenuates light at other wavelengths
outside the color bandwidth. Second, the effective number of
pixels measuring the light is reduced as different pixels are
dedicated to different wavelengths of light. As an example
of the decrease in the sensitivity, the Phantom v7.2 has a
monochromatic sensor film-equivalent speed of ISO 4000 but
it only has a color film-equivalent speed of ISO 1000. That
difference translates into a factor of four reductions in light
sensitivity. Since the Bayer filtering is applied at the hardware

level, the light sensitivity difference can only be compensated
by adjusting the sensor gain through the ISO speed setting, thus
reducing the dynamic range of the camera. Consequently, a
monochromatic image sensor is recommended to accurately
capture spatially and temporally resolved frames showing the
discharge particles. Other camera related hardware criteria
may be important in the selection process, but ensuring that
the camera has a viable frame rate and image resolution and
taking into account whether or not color imaging is necessary
are the crucial factors to successfully performing high-speed
imaging particle velocimetry of the MPDT discharge.

B. Imaging optics

The selection of a lens is important when attempting to
resolve features within a MPDT discharge. Several camera
lens properties can affect the overall quality of the captured
image. The primary properties to consider in the present setup
are the chromatic aberration and focal length of the lens.
Chromatic aberration causes multiple images offset from each
other to appear in a color image while it results in a blurr-
ing of features in a monochromatic image. This blurring is
a consequence of the refractive index of the material having
a dependence on the wavelength of the incident light, there-
fore making the focal distance of the lens dependent on the
wavelength received. Such blurring will increase the uncer-
tainty in the velocimetry techniques by making it more difficult
to accurately determine the location of the particles in any
frame. There are techniques that can be employed to over-
come chromatic aberration, such as using ultra-low dispersion
lens elements or an advanced optical design. To avoid the
added uncertainty chromatic aberration would introduce in the
velocimetry measurements, it is strongly advised to choose
lenses that specifically have additional elements to deal with
chromatic aberration. If this is not possible then a reduction in
the aperture size will also reduce the image defects due to the
optics, but this will also reduce the amount of light collected,
decreasing the overall sensitivity.

Issues related to the focal length become important when
performing velocity measurements that rely on knowledge
of the location of the focal plane. Lenses have the inherent
property of an infinity focus distance, defined as the distance
beyond which all objects are in focus. As the focal length
is decreased, the infinity focus distance of the lens also gets
smaller. The advantage of using a smaller focal length is that
the imaging incorporates a larger viewing angle. However, if
the MPDT is placed beyond the infinity focus distance for
that focal length, then the particles may always be in focus
throughout the discharge pulse and, consequently, the defocus-
ing technique used to measure the axial particle velocity may
not be applicable. The center of the focal plane may also add
uncertainty to the axial velocity measurement. If the camera
and a telephoto lens have a compatible electronic interface,
the location of the center of the focal plane and/or the size
of the focal plane may be digitally recorded with the image
itself. While some camera/lens combinations automatically
adjust the focus and focal length, many experimentalists pre-
fer to utilize a lens that has full manual control of the focal
length, focus distance, and aperture. These manual lenses are
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of benefit because they have a finely graduated focal length
and the focus distance adjustments on the lens body and are
continuous, as opposed to being stepped or discrete.

C. Image acquisition and processing

It is important that careful consideration be given to how
the data are acquired when using high-speed imaging in the
manner described in this paper. A poor choice in bit depth
or video format can result in valuable information being lost
through image compression. At the hardware level, pixel light
intensity quantization commonly occurs at 14 bit. In order to
reduce file size, many common video formats such as h.264 or
MPEG-4 offer only 8 bits of quantization per color channel.
Consequently, subtle details in the image are compressed,
and those details appear more decentralized and spatially
dispersed. When performing the background subtraction pro-
cess as previously described, the loss in information due to data
compression from 14 bit to 8 bit can result in loss of particles,
spatial resolution, and increased noise floor. In this proof of
concept work, the image processing occurred at 8 bits. After
the background subtraction process as shown in Fig. 7, the
8-bit depth led to an increased noise floor in comparison to
the original image and a loss in particle sensitivity, such that
only the particles emitting the most light are detected.

While the processing of the imaging at the 14-bit level
is more resource intensive, the gains in sensitivity lead to
better particle detection and tracking. To preserve information
throughout the data processing routine, it is vital to choose a
file format that will not compress the image. Common video
codecs such as h.264, MPEG-4, AVCHD, and ProRes422 all
perform image compression in the form of bit depth reduction
and variable image quality. These compression algorithms can
result in aliasing and reduction in spatial resolution. To avoid
this problem, it is necessary to carefully consider the high-
speed camera image output formats and choose one that is loss-
less, such as Digital Negative (DNG) or uncompressed tagged
image file format (TIFF). If such an option is not available,
then using raw images output by the camera sensor may be
a possible alternative. In a raw image, the sensor pixel inten-
sity values are saved with a bit depth based on the available
hardware quantization. For both color and monochromatic
imagings, this information is not readily accessible for post-
processing and requires a file conversion or de-Bayering. In a
Bayer filter image each pixel only measures the intensity of one
color. De-Bayering is an algorithmic technique that determines
the other two color values for each pixel by estimating each
pixel’s red, green, and blue (RGB) values using data from
neighboring pixels. The actual de-Bayering algorithm varies
depending on desired spatial resolution and available compute
time. Therefore, careful consideration must be made when
selecting a de-Bayering algorithm for post-processing of raw
chromatic image sensor data to avoid unwanted decreases in
spatial resolution or aliasing in high speed color imaging.

VI. CONCLUSION

In this work we employed high-speed imaging to perform
direct, global imaging of the macroscopic behavior of the

MPDT discharge plasma. An analysis of the images was per-
formed to demonstrate a novel velocimetry technique where
the 3-dimensional velocities of particles emanating from the
cathode in an MPDT discharge were measured utilizing a sin-
gle camera. The method to determine particle radial azimuthal
velocities was dependent upon the spatial and temporal resolu-
tion in the images, while particle motion along the thruster axis
was estimated using knowledge of the location of the optical
focal plane. The mean radial velocity of particles was found
to be 44.6 ± 6.0 m/s within a 95% confidence interval, while
the azimuthal velocity was statistically insignificant. The mean
axial particle velocity was measured as 1.59 km/s. The effects
of imaging factors such as camera selection, collection optics
design, and principle photographic settings were discussed
with suggestions as to the proper choices for each provided.
The particle tracking and measurement techniques described
in this paper are potentially useful in future studies, as a
measure of particle velocity may serve as a way to perform
a non-invasive proxy measurement of the gasdynamic MPDT
flow-field.
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