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A pulsed vacuum arc discharge emits a plasma as well as macroparticles in the form of
micron-sized molten droplets of cathode material. Due to their trajectory and size, these
macr oparticles often pose a contamination threat for both spacecraft-based thrusters, and
thin film deposition systems. The charge of these macroparticles was experimentally
measur ed, and compar ed to a model based on thermionic electron emission at T~2500K. The
model predicts and the experimental results verify that the charge on the macroparticles is
positive, as compared to the negative charge expected for a DC vacuum arc. Experimental
results show a roughly quadratic dependence of particle charge on the particle diameter, with
a1 pm diameter particle having a charge of approximately 1000 x 1.6 x 10™° C. Model results
show a roughly quadratic charge dependence for particles smaller than 1.2 um and a roughly
linear dependence for particlesgreater than 2 um.

Nomenclature

surface area of particle on witness plate; Richardson's constant = 1.20173 x 10° A/(m?K?)
= coefficients of D; to volume correlation
deflecting plate separation

particle diameter after impact

particle diameter in flight

ion current density

electron current density at the macroparticle surface
electron current density in the sheath

mass of macroparticle

ion mass

particle Voltage

work function

coulomb charge of macroparticle

density of liquid copper at 1083 °C, 8000 kg/m®
density of solid copper, 8920 kg/m®
macroparticle displacement on the witness plate
electrical conductivity

electron temperature

macroparticle temperature

volume of macroparticle

axial velocity of macroparticle

ion velocity

V oltage between the deflecting plates

ion charge state
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I. Introduction

ecent years have seen a decrease in spacecraft size, along with a need for smaller propulsion systems. Thereisa

wide range of available propulsion systems for satellites larger than 1000 kg. Many of these scale down for use
in smaller 100 kg, or even 10 kg satellites. However, spacecraft weighing on the order of 1 kg have few propulsion
options capable of providing orbit transfer, active attitude control, or even de-saturation of momentum wheels.

Among the few options that do exist are vacuum arc thrusters (VAT).® These thrusters provide thrust by utilizing
the high velocity ions gected from the cathode of a vacuum arc. The reduced mass of these thrusters is achieved by
using an inductive energy storage (IES) power processing unit. Figure 1 shows a simplified schematic of the thruster
circuit.

A semiconductor switch istriggered to draw current from the

L DC, low voltage power supply through an inductor. Once the

switch is opened, a voltage peak of L dl/dt is produced, igniting

a plasma by running current through a thin metal film coating

between the two electrodes.*” Since these thrusters operate in a

pulsed mode they can provide a wide range of thrust and I

depending on cathode material, pulse frequency, pulse shape,
geometry, and other variables.

The most recent version of the VAT is the magnetically
enhanced vacuum arc thruster (MVAT). The inductor used to
store the energy during operation is coiled around the thruster
itself, providing a magnetic field which collimates the exhaust,
reducing spacecraft contamination and increasing thrust by 50%.
Figurel Schematic of the circuit used on a Inarecent study, the MVAT demonstrated an impulse bit of 2.7
typical vacuum arc thruster mN-s while firing at 50 Hz and 10 Watts.® Although this thruster

system (including PPU) weighs 1 kg, future work will focus on
mass reduction for use on even smaller satellites. An earlier version of the VAT weighing a total of 200 g has been
incorporated into a 2 kg CubeSat satellite at the University of Illinois scheduled to launch in early 2006.”

At first glance, the vacuum arc of a VAT is a relatively simple phenomenon. However, the seemingly simple
operation hides features that have been studied for decades and continue to be studied today. At moderate currents,
the arc attaches to the cathode at individual spots, on the order of 10 nm in diameter, while attaching to the anode as a
diffuse plasma®'® Each cathode spot can support only a limited amount of current depending on the cathode
material.™ When the current exceeds this value, (approximately 100 A for copper cathode) multiple cathode spots are
formed simultaneously. Since the current travels though a micrometer sized area, the current density at the cathode
surface within the cathode spots ranges from 10° to 10% A/m?2%

The cathode spots emit electrons, ions, neutrals, and macroparticles in the form of molten droplets. Daalder
showed that the number of ions emitted from the cathode is proportional to the total charge transfer, accounting for
7% - 10% of the total arc current for awide range of materials.***> The bulk of the current is conducted by electrons.
The number of macroparticles increases with the pulse duration,® and neutrals account for less than 1% of the total
emitted flux.’® The ions emitted from a cathode spot are accelerated to high velocities ranging as high as 23 km/s,
with copper ion velocities at 13.2 km/s.'” The mean ion charge state is 2.0 for copper, and generally higher than 1 for
most materials."” The electron temperature is usually not more than 1-2 eV .2

The plasma of a vacuum arc is a complicated phenomenon. The electrons necessary to carry the current are
extracted from the cathode by a combination of thermionic heating of the cathode surface, and field emission. When
these two processes occur simultaneously in what is called thermo-field (TF) emission, the electron yield is increased
non-linearly, allowing the vacuum arc to operate as it does.”® The cathode surface is heated by ions accelerated
toward the cathode in the sheath. The cathode surface temperature is aso enhanced by resistive heating of the arc
current in the cathode. The field emission is enhanced by the electric field at the surface, generated by the space
charge of the ions flowing toward the cathode. In this way, both conditions for TF emission are caused primarily by
the ion flow toward the cathode surface. The ions are generated by the ionization of neutral vapor evaporated from
the hot cathode spot surface, as well as macroparticle surfaces.’®°

The acceleration mechanism of the ions emitted from the cathode has been studied for decades as well. Initially,
there were two schools of thought regarding the acceleration of the ions. One theory was that they were accelerated
by the extreme pressure near the cathode spot,”® enhanced by the friction drag force between the outward streaming
electrons and ions. Another theory was that a potential hump was generated by the high ion concentration near the
cathode, along with the higher mobility of the electrons.??* However, it was later shown that the two acceleration
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mechanisms were dependent on each other, and both added to the acceleration of the ions.** Hantzsche cal culated the
contribution of the electric field, pressure gradient, and ion-electron friction to the acceleration of the ions, and
concluded that each provides a comparable force, with ion-electron friction drag causing the largest contribution.®

A. Macroparticles

The macroparticles (MPs) emitted from the cathode are in the form of micrometer-sized molten metal droplets.
The source of these droplets is a result of recoil from outward-directed ion jets acting on the molten surface of the
cathode spot.”® McClure estimated that this mechanism could eject macroparticles from the surface at velocities
ranging from 20 to 200 m/s. The measured velocity of the macroparticles ranges up to 800 m/s with a peak around
200 m/s as measured by a laser Doppler anemometer.?® It was also shown that the axial velocity of molybdenum
macroparticles increases with instantaneous arc current, as well as axia location. Radial velocity increases only
dightly with location within the arc.?” Quadlitatively, this appears to be consistent with Ref. 19 which states that the
macroparticles are accelerated by the momentum imparted on them by collisions with high velocity ions. Daalder's
study of the exhaust mass of vacuum arcs™ has shown that the majority of macroparticles exit the cathode at a slight
angle to the cathode plane. For Copper, peak macroparticle emission is approximately 10° from the cathode plane,
and 20°-30° for Cadmium. The study also showed that macroparticle size decreases with increasing angle from the
cathode plane but increasing transfer charge increases the appearance of large macroparticles at large angles.

The macroparticles emitted from the cathode travel through the plasma and are thus subject to ion and electron
collisions. The interaction of the plasma and macroparticles is described in Ref. 19. Each macroparticle in the plasma
acts as a floating Langmuir probe, namely it will assume a potential necessary to assure zero net current to the
macroparticle. Due to their high directed velocity compared to random velocity, the ions can be described as beam-
like while the electrons are gas-like because their random velocity is much higher than their drift velocity.

Macroparticle charging and transport in vacuum arcs was studied by Keidar et al.?>* The magnitudes of the MP
charge predicted by the model at distances of about 10 cm from a 200 A cathode are between 10%-10% C (100-
10,000 positive electron charge). A model of the plasma jet - MP interaction was developed in order to calculate the
drag force on MPs present in the plasma flow field. It was found that the collision cross section depends on the
potential distribution in the MP vicinity. Under typical vacuum arc conditions the collison cross section is
approximately the MP projected cross section. The MP velocities in the range of 300-1000 m/s were predicted. It was
shown that slow macroparticles could be electrically driven by electric field in the plasma near the cathode spot as
well as by the sheath.

B. Motivation

One of the uses of vacuum arcs is the vacuum arc thruster described above. Due to their high scalability along
with a small impulse bit these thrusters have potential as an electric propulsion system on a wide range of missions.
However, one factor that has limited the use of electric propulsion in genera has been the risk of spacecraft
contamination. The ions emitted from electric propulsion systems usually have a very high directed velocity, limiting
their contribution to spacecraft contamination. Macroparticles on the other hand, pose a spacecraft contamination
threat. Macroparticles are emitted from the cathode at shallow angles, often making their direction of flight toward
the spacecraft. They have a large mass which can disrupt optical instruments onboard. They are also composed of a
conductive material which can damage el ectronic systems on board.

Another common use for vacuum arcs is vacuum arc deposition. This is the use of a vacuum arc to deposit a thin
metallic film coating.® The relatively high velocity of the ions emitted from the vacuum arc provides energetic
depositing particles. The fact that ions are being deposited makes it possible for an electric field to be employed to
accelerate or decelerate the ions, alowing for flexibility in the deposition energy. One of the prime difficulties in
vacuum arc deposition is the appearance of macroparticles in the deposition layer. These macroparticles act to
degrade the uniformity of the deposited layer. One way to reduce the number of macroparticles in the deposited film
is by turning the ions 90° with the magnetic field inside of a quarter-torus.® This reduces the macroparticle number
density along the centerline by a factor of 50, but it is suspected that macroparticles electrically reflect from the walls
of the chamber and continue to contaminate the deposition layer. Additionally increasing the magnetic field did not
significantly change the macroparticle concentration on the centerline of the magnetic field. Experiments have shown
that another method of reducing the number of macroparticles in the deposited film is to negatively bias the substrate.
However, not all the macroparticles are reflected by the electric field, possibly due to macroparticle charging within
the substrate sheath.* Although both these methods reduce the number of macroparticles in the deposited film, the
existence of any MPs still limits the usefulness of a vacuum arc deposition film.

One way to reduce macroparticle contamination on a spacecraft isto control their trgjectory with electromagnetic
forces. However, before a system can be designed with confidence, more needs to be known about the
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macroparticles. The velocity and size distribution of macro particles, including the direction of flight has already been
studied. However, athough there have been models devel oped, thereislittleif any experimental data on the charge of
these macroparticles. This work is a study of the charge, mass, and velocity relationship of macroparticles from a
vacuum arc.

[1.  Experiment

Multiple sources have indicated that the macroparticles coming from a vacuum arc are electrically charged. There
is little experimental data in the literature to back up this assertion, and even less to determine the extent of the
macroparticle charge. For this reason, an experiment was designed to determine the charge and velocity of
macroparticles coming from a vacuum arc (or other macroparticle source) by deflecting macroparticles from their
original trgjectory, and measuring that deflection.

Consider a particle traveling through a perpendicular electric field as depicted in Fig. 2. The force exerted on the
charged particle traveling through the electric field is the charge (Q,) times the electric field (E). The initial velocity
of the particle is v,. After traveling in the electric field, the component of the velocity that is parallel to it isvy. The
electric field between two parallel plateseach | long, set d apart, and at voltages of +/-(V/2) is calculated as

E=V,/d D

The displacement of the macroparticle after the electric field (s,) is equal to:

oy = Vol O
° 2Mpd&vy

)
where M, and Q, are the mass and charge of the macroparticle respectively.

1 . B

Figure 2 Schematic of Macroparticle trajectory through transverse
electricfield

If two 100 mm long parallel plates separated by 15 mm are charged to +/- 3750 V (V,=7500), we can produce an
electric field of 5x10° V//m transverse to the direction of flight. If a0.5 nm diameter copper macroparticle, charged to
8x10™" Cistraveling 200 m/s, this electric field will displace it by 2.9 mm. This displacement is easily measurable by
collecting the macroparticles on awitness plate.

The most important characteristic of the witness plate is that the surface be clean, flat and polished to make the
collected macroparticles easily visible in a scanning electron microscope or optical microscope. Polished silicon
wafers are readily available and come polished to within nm roughness. Silicon wafers have the added benefit of
having a significantly different atomic weight than most metals considered for this study. Thisis usefully because the
back scattered electron detector in the SEM shows a high contrast based on molecular weight. This simplifies the
search for macro particles, and alows for the use of alower resolution image to establish the location of the particles.
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In order to measure the displacement on the witness plate, the macroparticles coming from the vacuum arc must
first be collimated or filtered to allow only certain MPs to impact the witness plate. This is done by firing the
macroparticles through an orifice. The objective is to produce a distribution area of collected macroparticles on the
witness plate that is relatively small. Theoretically, the smallest distribution that is possible with an orifice would
occur if the orifice were infinitely small. In such a casg, if the witness plate and cathode source were equidistant from
the orifice, the distribution on the witness plate would be the size of the cathode itself, with the location of the
macroparticle inside the distribution corresponding to the mirror image of the initiation point of the MP. If two
orifices are used, the portion of the witness plate that is visible through the orifices becomes limited. Thisis done in
order to reduce the chances that macroparticles generated by stray arcing away from the cathode result in a
macroparticle on the witness plate. A schematic of this setup is shown in Fig. 3, where d; represents the width of the
cathode and d, represents the image of the cathode or the macroparticle distribution on the witness plate. The
diameters of the orifices are labeled h; and hy, with h;>h,. The distance between the cathode and the first orificeis |y,
the distance between the second orifice and the witness plate is |,.and the distance between the orificesiss.

With the assumption that h;>h,, we can find the width d, according to the following Equation.

2 2_2 2
|1+S |2 (3)
" ?1+d2%2+d2

|1+S 7]

By adjusting the location and size of the cathode, the size of the macroparticle distribution can be kept to a few
millimeters. With the addition of an electric field after the second orifice, the macroparticles can be deflected
sufficiently to measure their deflection from the original trajectory. Then, by determining the velocity and mass of the
macroparticles, the charge of each MP can be determined.

A. Thruster

The vacuum arc for this experiment was generated by a
derivative of a micro-vacuum arc thruster ("'WAT). The 'WAT
was designed to provide attitude control to micro and nano-
satellites. 1t can be designed in a number of geometries
including a coaxial, layered sandwich, as well as a ring
geometry. Due to its ease of construction, the sandwich or BLT
geometry was used for this experiment. This geometry uses
layers of flat sheets to comprise the different components of the
thruster and was used on the UIUC Cubesat ION satellite. The
first layer in this thruster is the cathode which is also the
structure of the satellite. The cathode is separated from the
anode by a ceramic insulator. This insulator is coated with a
thin film to help initiate the breakdown. Past the anode is
another insulator separating it from an aluminum layer used to Figure4 Schematic of the micro-vacuum
hold the layers together. Figure 4 is a CAD representation of arc thruster used on UIUC Cubesat ION
this thruster.
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This thruster design is used with the small inductive power supply described earlier, making it suitable for small
satellites. However, the thruster performance is sensitive to the thickness of the thin metal film coating the ceramic
between the anode and the cathode. For this experiment, the design of the thruster was modified to include a trigger

electrode. The layers of this |ab thruster are as follows:

Insulated structure

Insulating high alumina ceramic
Cathode (copper)

Alumina silicate ceramic
Trigger electrode (copper)
Insulating high alumina ceramic
Anode (aluminum)

R
Figure5 Front view of vacuum arc thruster used in
thiswork

Figure 5 is a schematic of the frontal view of the thruster, showing the different layers.

The power processing unit used in this lab thruster is different from the inductive energy storage circuit used in
the flight models. Instead of storing the discharge energy in an inductor, it is stored in an eight stage pulse forming
network (PFN).* With 3 nF capacitors charged to -600 V, and 30 nH inductors, the PFN is designed to deliver 100
amps for 150 ns. The designed current of 100 amps is intended to limit the number of cathode spots formed during a
single pulse™ A resistance of 2 Ohmsis placed in series with the discharge to match the impedance of the PFN. The

resulting current pulseis shownin Fig. 6.

Main discharge current

150
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Figure6 Current in the main discharge of the
thruster, pulserate=85Hz

Trigger pulse current

Current, [A]

5 | | | |
50. 100 150
Time, [ns|

Figure7 Currentinthetrigger pulse of thethruster

200

The triggering pulse is generated by discharging a 9.2
nF mica capacitor through a transformer. With the
capacitor charged to -600 V, the transformer produces a
16.7 kV potential across an open circuit. This voltage is
sufficient to initiate the breakdown between the trigger
electrode and the cathode, producing a plasma to initiate
the main discharge between the cathode and anode. Figure
7 shows the trigger pulse current. This setup is similar to
the setup used by Brown et a. in Ref. 34. The trigger pulse
is generated by a firing circuit which closes a silicon
control rectifier (SCR) to send the current to the
transformer

The double orifice assembly used in this experiment is
in apair of boron nitride plates with a 0.53 mm diameter
hole in the first plate and a 0.51 mm diameter hole in the
second. The plate is countersunk so it is approximately 0.5
mm thick in the hole location.

The witness plate is a 20 mm tall by 30 mm wide
section of adiced silicon wafer. The wafer used is a P-type
Si:B wafer with a5 — 25 ohm-cm resistivity. The witness
plate is mounted into a holder which was designed to
allow the removal and reattachment of the witness platein
the identical location. The reproducibility of the witness
plate location will be shown in the results section. The
witness plate is 116 mm past the second orifice, and 135
mm past the first.

Due to the finite orifice diameter and the location of
the witness plate with respect to the orifice, the
distribution on the witness plate is expected to be larger
than the original. The width of the distribution on the
witness plate (hy), calculated by using Eqg. (3) for the
conditions for this experiment (listed in Table 1), is 1.9
mm.

The électric field used to divert charged particles after
they travel through the orifices is generated by charging
two 98 x 25 mm parallel plates to opposite polarities. They
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are placed in a Delrin holder, which keeps the plates Tablel. List of variables used to calculate the

from arcing to the ground plane above or below. width of the macroparticle distribution

According to Daader,”® the angle a which Description Value
macroparticles exit the cathode surface depends on the [mm]
material. For copper, the angle at which the most | h, | width of the cathode 0.8
macroparticles exit is between 5° and 15° from the ||, | distance from cathode to first orifice 90
cathode plane. For this reason, the thruster was tilted to | s | distance between the orifices 19
an angle of approximately 40° to the ground plan, inthe |1, | distance from second orifice to the | 116
hopes of increasing the number of macroparticles witness plate
emitted in the direction of interest. A smaller angle, | d, | diameter of first orifice 0.53
which might further increase the number of g, | diameter of second orifice 0.51
macroparticles would also increase the chance of arcing  ["h, ["width of the particle distribution on | 1.9
to the ground plane instead of the anode. This layout is witness plate. "cathode image" (calc.)
shownin Fig. 8.

The thruster, orifices, witness plate, and electric field
plates are al placed onto a grounded aluminum plate.
Once the electric field plates are aligned, another
aluminum plate is attached on top of the experiment
downstream of the orifices. This is to ensure a uniform
electric field, without a potential gradient dominated by
a single ground plane. This entire assembly, along with
the transformer is placed into the vacuum tank. Figure 9
isan overall schematic of the thruster setup.

Figure8 Sideview of thruster showing thrust direction
and location of orifice.

Dielectric Witness

Thruster Orifices +V,/2 Plate

- |

Velocity Filter - V2

Figure9 Schematic of the overall experimental setup

B. Velacity Filter

The velocity of the macroparticles is determined by using a time-of-flight velocity filter to allow particles within a
certain velocity range to reach the witness plate. The velocity filter operates by only alowing particles to pass
through the filter and orifices during a short window of time after the current pulse. The velocities that are transmitted
are primarily determined by the delay between the thruster current pulse and the opening window. Particles traveling
too fast will reach the velocity filter before the window is open, while particles traveling too slowly will arrive after
the window has closed.

The velocity filter produces this window opening by blocking the entrance to the orifice with a spinning slotted
disk. When the dlot isin line with the entrance to the orifice, particles can proceed through the filter. By adjusting the
spin rate, the width of the slot, and the time when the thruster is fired, the velocity of particles that will pass through
the filter can be adjusted. Figure 10 shows a schematic view of the velocity filter setup.

If the time when a particle is generated were precisely known, then the velocity filter could be designed to allow
all the particlestraveling at a certain velocity range, and obstruct all those traveling faster or slower. However, even if
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we assume the macroparticles are generated some time
during the 140 ns current pulse, particles traveling some
velocities will only make it through the filter depending
on when during the current pulse they were generated.

If we know the probability distribution of generating
a macroparticle throughout the pulse, then we can
calculate the percentage of particles that are transmitted
through the velocity filter. For any given velocity, the
percentage of particles that will make it through the
filter is equal to the percentage probability that the
particle was generated at atime during the pulse, when it
will reach the filter during that opening window. Figure
11 shows the fraction of particles that will make it
through the velocity filter for 4 different delay times
between the current pulse and the opening window. The
figure assumes that the probability distribution of
generating a macroparticle throughout the pulse is
constant and is based on the characteristics in Table 2.
From this figure the following information is used to
describe the particle velocity for a given delay time.

(>

3600 RPM

Thruster

=l Orifices

N 1
1

4.|

Figure 10 Schematic view of the velocity filter setup
and operation

%
%:
At

The timing of the velocity filter is achieved by using a light and sensor pair to sense the location of the slot as it
passes a point in its rotation. Once the slot passes the sensor, a timing pulse is triggered, which sends a second
delayed pulse to the thruster firing circuit to fire the thruster. The delay time listed in Table 3 and Fig. 11 is the
amount of time between the end of the timing pulse and the time when the slot reaches the orifice.

A single test consists of firing the thruster at approximately 8 Hz for 200,000 shots. After some preliminary tests
were performed to verify the repeatability of the alignment of the setup, four tests were performed to measure the
charge on varying velocity macroparticles. Each of these test corresponds to the velocities listed in Table 3. After
each test, the witness plates were scanned at 200x magnification using a scanning el ectron microscope. These images
were then stitched together, and the location and size of each particle (in pixels) was recorded using particle analysis

software™.
o . Table3. Physical characteristics of velocity filter
Veoacity filter transmittance for spin rate 3600 rpm
10 various pulse delay times radius to the orifice 4,68 cm
' ! slit width 0.154 in
c | -
S 08—} pulse width 140 ns
3 distance to the velocity filter 0.1m
06—
5 ‘
I 0.4 = Table2. Performance characteristics of the velocity
= delay time [ng] 1100 | 870 | 650 | 430
0.0 - i
50 100 150 200 250 300 350 veloc!ty [m/q] 88 110 | 145 | 214
Particle velocity, v [m/s] negative error [m/s] -8 -12 -20 -42
Figure 11. Fraction of particles allowed through the | positive error [m/s] +9 +15 | +27 | +63

velocity filter, plotted for delay times 1100, 870, 640,
and 430 ns
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1.  Experimental Results

Below are some SEM images from various tests showing a wide range of macroparticles sizes (Fig. 12). The main
macroparticlein Fig. 13 is approximately 16 mm in diameter (D;), while some of the smaller MPs have a diameter less
than 1 mm. Fig. 14 shows one such particle, but not the smallest in the image. Because of this large variation in size,
relatively high magnification must be used during the sweep of the witness plate in order to detect the smaller
macroparticles.

15kUV H1. B

Figurel1l2. Moderate magnification of
macroparticles on a silicon wafer witness plate
showing a wide range of M P sizes

Figure 14 Very high magnification of a relatively
small macroparticle

Figure 13 High magnification image of a relatively
large macroparticle from Fig. 12

The shape of the macroparticles in the SEM images is
consistent with the premise that the macroparticles are in the
form of molten metal droplets when they impact the witness
plate. The vast majority of the impacted macroparticles and
amost al of the particles with a diameter less than 5 mm
have the shape of a flattened torus with a thin layer of
material in the middle. However, the shape of the larger
particles appears to vary dlightly. For example, the particlein
the bottom right of Fig. 12 appears to have the typical shape.
The dominant particle in the center of the image appears to
have an inverted shape where more material is in the center
than along the edges. Finally, the particle at the bottom of the
image has the shape of a torus, but the aspect ratio, or
thickness of the toroid to the diameter appears larger than the
majority of the macroparticles. We hypothesize that this
variation is due to a combination of particle velocity and
temperature at impact.

To verify the repeatability of the setup alignment, two tests were run. Both tests collected particles without the use
of the velocity filter, and without a deflecting electric field. The same witness plate was used for both tests, in order
to compare directly the location of particles from the two tests. Figure 15 shows the particles collected during the two
tests. This plot shows that the width of the distribution is dlightly less than 2 mm, which is approximately the 1.9 mm

width expected from the geometry.
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Figure 16.

The next four tests were performed with the velocity
filter, as well as the deflecting electric field. For each of
these tests, an electric field of 5.5 x 10° V/m was used to
deflect the particles. Figure 16 shows the size distribution
of the particles plotted versus the x position on the witness
plate for the four macroparticle velocities tested. The
vertical red lines are separated by 1.9 mm and indicate the
location of the particle distribution if no electric field were
used. Each test was performed with the velocity filter set
to allow a different range of velocities through. Note that
the electric field is positive in the direction of the arrow.

The plots below clearly show that the particles
collected on the witness plates have a positive charge and
are deflected by the electric field. The plots also show that
the larger particles were deflected less than the smaller
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particles. In order to count the particles using the analysis software, the image has to be converted into black and
white. This process introduces an error in the determination of the size of the impacted particles. For this reason,
particles less than 6 pixels (1.25 nm?), have afairly large error bar associated with them.

Using Eq. 2 for the displacement on the witness plate, the relation for the charge of the MPs as a function of the
mass (m), velocity (v,) and displacement (s,) is:

Sg XM
Qp=2—"—Lv§ (4)
0= xE
By estimating the volume (V) of collected MPs from measurements taken of individual particles,™ Daalder
generated a curve fit to correlate the measured outer diameter of the impacted particles to the volume of a
macroparticle. We use this curve fit for copper shown in Eq. (5), to determine the volume of each macroparticle:

V, =aD;" =0.178D; %572 (5)

p

where the diameter (D;) isin nm and the volume (V) isin nm®. The software used during our analysis of the SEM
images gives us the number of pixels that each particle encompasses. This correlates to the surface area of the
impacted macroparticle (A) in micrometers squared. Since the macroparticles show up circular in the SEM images,
the diameter is calculated from (A) using the following equation.

p

Combining Eg. (5) and (6), along with the volume of a sphere, resultsin arelation between the impacted surface area
in nm? and the diameter of the macroparticle during the flight. To get the actual flight diameter of the liquid copper,
the volume is scaled by the ratio of densities of copper in solid to liquid form which introduces a diameter correction
of 4%. For this calculation, the density of copper in the liquid form (at 1083 °C) is 8.00 x 10™ kg/mm®. *  This
particle diameter is then:

Far o1 3
4pr 2}
For the values of a and b in Eg. 5, this relationship is
Diameter of macroparticlein flight plotted in Fig. 17.
T 10 versusimpact surface area From Ref. 37, the density of solid copper (r ) is 8.93E-
E | 1 | 15 kg/mm?® making the final mass as a function of impacted
o g ‘ ‘ ! surface area:
E
[=2) b,
= A
c 6 Mp:rSVp:rsaDib:rsag—+ (8)
o] epPo
T 4
._§ Combining with Eq. (4) above, we get a relation for
o 2 the charge on the particle as a function of its transverse
-%—; displacement from its origina trgjectory (s,) in meters,
o 0 =0 100 150 200 impacted surface area (A) in nm©, and velocity (v,) in m/s;
Particle impact surface area, A [m"nz] 07
. . ) . _,Id ad? 2,

Figure 17 Relationship between impact surface area Q= 2% ac—= soVyiA’2 coulombs (9)
of collected macroparticle on the witness plate, and °V, epg

the diameter of the macroparticlein flight.
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Using Eq. (9) the charge on each of the collected macroparticles is calculated and plotted in Fig. 18. The
displacement s, is assumed to be the distance between the location of the particle on the witness plate and the midway
point of the undisplaced particle distribution (~1.2 mm). The electric field for each of the tests is 5.5 x 10° and the
length of the electric field | is0.098 m.
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Figure19. Accumulated macroparticle charge, plotted versus the particle diameter in flight for various
velocities

A quadratic curve fit of the form Cx*+Cx+C, has
been used to show the trends of the data. Fig 19 shows the
curve fits of all the data, plotted to show how they
compare to each other. From the figure, it appears that the
particles collected during the 214 m/s test collected more

=
(@]
&l

=
Q
>

3
0 m = chargethan those in the other tests.
E 88 m/s 7
> : .
10" & 110m/s ””” 2 A. Error analysis
) E ! 7 There are three major sources of experimental error in
O B 21amis ... calculated charge:, the measured surface area A, the

! particle velocity v,, and the error in the displacement.
Lol Lol Other errors such as the value of the electric field and the

a1 . 10 variation in copper density as afunction of temperature are
_ Particle diameter in flight, D frm] negligible. As mentioned above, before the software can
Figure18. Curve fit of macroparticle charge, pe used to locate and measure the size of the particles, the
plotted versus diameter of particle in flight for all  SEM images have to be converted to black and white. This
tested velocities involves setting a threshold value where a pixel brighter

Macroparticle charge, 1.6x10™° C
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than the threshold is considered part of the particle, and pixels darker are not. This threshold value is different for
each test, based on the contrast and brightness settings used in the SEM. The threshold is set in such away that most
of the background noise in the SEM images does not appear as particles. This process has the effect of slightly
changing the perceived size of macroparticles. The number of pixels actually changed by this process per
macroparticle is relatively small, but for small particles, it has a large effect on the calculated charge. At 200x, 1 nm
diameter corresponds to 4 pixels

The error in the velocity is based on the finite velocities that the filter allows through. Notice that as the velocities
increase, the transmitted velocity distribution become wider. This is due to the short flight time of the particle (~350
ns) compared to the pulse duration (~150 ns). Thisis one of the reasons why there are many more particlesin the 214
m/s velocity case, as the 88 m/s.

The largest source of error, especially for the larger particles which were not displaced very much by the electric
field, is the error in the displacement s,. Some of the largest particles were displaced as little as 2-3 mm. Since the
error in that displacement is +/- 0.95 mm due to the size of the particle distribution as a result of the geometry of the
setup, the error bars on the large particles become large.

Thereis aso currently an inherent error in the fact that the relationship between the impacted surface area and the
volume is not known precisely. The relationship currently used is from the literature for asimilar experiment™. In the
future, atomic force microscopy measurements will be taken to verify that the relation from the literature is accurate.
This error could be the source of the discrepancy between the type of relationship between particle size and collected
charge.

IV. Modeling of MP Chargingin a pulsed vacuum arc

Previous models of the MP charging have considered a steady state arc. Typically, electron and ion current
density from the plasma are much higher than thermionic emission current density, and thus steady state charge
accumulated by a MP traveling along the plasma jet is negative. However, in a pulsed vacuum arc, after discharge
extinction, the ion and electron fluxes to the MP disappear while thermionic emission may continue due to high MP
temperature. Depending on the pulse duration and MP temperature, this effect may lead to a change of the MP charge
sign. In this section we describe a model for MP charging in the more general case of a pulsed vacuum arc. Several
effects will be taken into account including MP charging, motion and temperature balance.

Following Ref. 38 the electric capacitance of a spherical particle is estimated as: C=Qy/j ,=4peR,, where R, isthe
MP radius and Q, is the MP charge. The MP charge evolution is calculated as dQ,/dt=l, -l,+li. Where |; is the total
ion current, |y isthe total thermionic current and I isthe total electron current collected by the MP.

In the case of a vacuum arc plasma jet, the ions have a directed energy larger than the MP potential and therefore
can be considered to be beam-like, while the electrons are gas-like. Therefore the electron current is given by:
Ie:4pRp2je, where j. is the electron current density at the MP surface. The electron current density absorbed by the
MP depends upon the MP potential: je=jeeXp(-j o) if j <0 and je=jeeXP(1+€f J/KTe) in the opposite case, where jg, is
the electron current density in the sheath and T. is the electron temperature. The ion current is given by:
l;=pR,j(1+a) if a0 and I;=pR,7j if -1<a<0 and 1;=0if a<-1, where a=-2Z;¢j /M;v;’ and j isthe ion current density.

The current of thermionic emission is given by the Richardson-Duschman equation:

eF
| the = 4PRZAT,? exp(- ) (10)
p

where F isthe work function and T, is the MP temperature.
The following assumptions are used in the model: plasma density follows the current pulse which is assumed to
be cosinusoidal, i.e. N(t)~cos(at). Plasma density decreasesin the axial direction as

N(X)=N/(X/R,)? (11)

with N,=10% m'® and R,=0.001 m (Ref. 39)We also assume that T=2 eV."°

Charging a MP to a positive potential with respect to the plasma will lead to a decrease in thermionic emission
current. In essence, the positive MP potential acts as an effective work function and thus the MP potential is added to
the work function in Eg. 10.

There are two primary forces on the MP: (i) a drag force due to collisions with neutral atoms and ions and (ii) a
force due to the presence of the electric field in a current carrying plasma. In order to predict the MP axial velocity,
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vy, We simply integrate the equation of motion from some starting point. Given the solution for plasma density and
velocity distribution, we evaluate the forces that act on an individual MP. The equation of motion of an individual
MP may be written as:

d(M pvy)/dt=F¢+Q.E (12)

where My, is the mass of the MP traveling in the plasma. The first term is the total drag force and the second term is
the electric force, which depends upon the electric field in the plasma and the MP charge, Q,. An average electric
field E in the plasma may be evaluated from Ohm's law for known current density j namely: E=j/s. In partialy
ionized plasmas, there are Coulomb collisions of the MP with ions since the MP is charged. These collisions may
result in a force, called ion drag. In these particular simulations we assumed a constant MP velocity in order to
compare with experiment in which MP velocity filter was implemented.

As the particle moves through the plasma it is heated by neutral, electron and ion fluxes and is cooled by
radiation. An additional cooling mechanism is due to decomposition of the dielectric material under high temperature.
We will consider the situation where the internal thermal time constant is much shorter than the MP residual time. In
this case, the MP has a uniform temperature throughout its volume and inward heat conduction from the surface may
be neglected. The resulting energy balance reads:

4 dT
PR, CEE = 4pR,"(Qiet Qo - Q- Qu) (13)

where C is the specific heat, r is the density, Q. is the energy flux associated with electrons and ions, Q, is the

neutral particle energy flux, Q, is the radiation heat transfer, Qq is the energy losses to MP evaporation. We further

simplified this model by neglecting MP evaporation. It should be noted that MP evaporation may be significant under
certain conditions™ and will be considered in the future.

The MP charge evolution is shown in Fig. 20. The

Figure shows that after the end of the pulse, the MP charge

6000 | ‘ ! ! increases sharply and saturates at a positive vaue
O 5000 - o ms}zom ! ! ! 1 -+ corresponding to thermionic emission. MP cooling then
%, 4000 - —— : . 140ms .+ |eadsto adecrease of the MP charge. The MP temperature
< 3000 : : ‘ 3 ‘ ; evolution is shown in Fig. 21.
€ 2000 30ns . One can see that initially the MP temperature increases
g 1000 - ! 7 due to interaction with plasma. This effect is pronounced
8 0 in the case of small particles and may lead to MP
©-1000 - 1 evaporation and radius decrease. However, after the
©-2000 - 1 discharge pulse is over, the MP temperature sharply
g -3000 - | decreases. This leads to MP charge saturation at a level
5-4000 i | L 1 which is limited by the MP potential with respect to the
s -5000 7J ‘ ' DC plasma jet : | plasma

'Sggg B ; : i ‘ i ; ] According to the model prediction, the MP charge near

the witness plate location (which is 20 cm from the
0 20 40 6(1)'ime8[(r)rs] 100 120 140 cathode) linearly increases with MP diameter for large
particles D>2 and quadraticly increases for small particles
D<1.2 as shown in Fig. 22. The figure also shows an
increase in charge with the presence of a plasma, due to
MP heating.

Figure20 MP charge time evolution with vacuum
arc pulseduration asa parameter.
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Figure 21 MP temperature evolution with MP radius  Figure 22 Quasi-steady MP charge as a function of
asaparameter. MP initial temperatureis 2500 K. MP radiusfor 0.2 m particleflight.

V. Experiment vs. Theory Discussion

Earlier models predicted that the charge on a macroparticle emitted from a vacuum arc would be negative. The
model and experimental data described above show that for a pulsed vacuum arc, the MP charge is positive. The
model incorporates the temperature evolution of the macroparticle as it is launched at 2500 K (Ref. 41), then heated
by electron, ion, and neutral collisions, and cooled through radiation and thermionic emission. The charge evolution
of the MP is determined by particle interaction with the electrons and ions, as well as thermionic electron emission.
The work function used in the Richardson-Duschman equation (Eg. 10) is adjusted by the potential of the
macroparticle to account for electrons that cannot escape the particle's Coulombic attraction. The results of this model
are plotted against the experimental data as the red curve in Fig. 23. For moderately sized particles, the model
predicts the collected charge to within the error bars of the
experimental data.

5
10 E T T T E The model predicts a roughly quadratic MP charge
f QuadrancN ] dependence on the diameter of the MP for particles smaller
0L than D=1.2 um, and a roughly linear dependence for

particles larger than D=2 pm. The experimental data show
aroughly quadratic dependence on particle diameter for all
diameters.  This discrepancy is not yet explained.
However, the model does not take into account certain
B —~  features which may significantly alter the comparison.
! As the macroparticle is emitting electrons, some of
0ol e | those electrons escape the particle's attractive force, while
‘ others lack the energy to escape and are recaptured by the
o ! particle. This has the effect of producing an electron cloud
10 B 1‘ E— around the macroparticle. This electron cloud is low
. , - density, with no electron-electron collisions. However, the
Figure 23 CompF)):\rrtli:Isndlatr)ne(tatvireler:]ﬂIﬁ:]ngelhT]&wlts for cloud has the effect of shielc_zli ng the e_'xiti ng ele_zctronsfrom
T=2500 K and experimental data for MPs traveling the charge on the macroparticle, malgmg it easier for them
145 m/s to escape. As aresult, the net electric field falls off faster
" than 1/R? increasing the number of electrons capable of
escaping the macroparticle's Coulombic attraction.

The model also does not take into consideration the effect of the deflecting electric field on the electron emission.
The electric field at the surface of a macroparticle of D=10um, is on the order of 10° V/m. Since the deflecting field
is the same order of magnitude, it could significantly affect the flight of emitted electrons.

Finally, from a model of the cathode spot, the temperature of the cathode at the center of the spot is 4000 K,
resulting in g ection of copper vapor, while at the outer diameter of the spot where the macroparticles are formed, the
temperature is 2500 K. For this reason, the temperature of the macroparticles has been assumed to be 2500 K. The
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Macroparticle charge, 1.6x10™° C
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o

15
American Institute of Aeronautics and Astronautics



diameter of lager particles, D>5 um is on the order of the cathode spot radius. This would imply that the temperature
of the large MPs would likely be greater than that of the smaller MPs, resulting in a higher charge and non-linear
dependence on MP diameter, as observed experimentally.

VI. Summary

Previous models have shown that the charge accumulated on macroparticles from a DC vacuum arc will be
negative due to the high electron density. For a pulsed arc, the electron and ion densities fall after the end of the
pulse, and thermionic emission dominates the macroparticle charge equation. This results in a change in the final
charge of the macroparticle from a negative charge to positive. This result has been confirmed by experimental data.
Comparison with experiment suggests that model refinement should be done in order to improve understanding of the
MP charging mechanism in pulsed vacuum arcs. Although the electric field used in this experiment is a diagnostic
tool, its effect on the final macroparticle charge will should be considered in the future.
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