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Vacuum arc plasma transport through a magnetic duct with a biased
electrode at the outer wall
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Metal plasma formed by a vacuum arc plasma source can be passed through a toroidal-section
magnetic duct for the filtering of macroparticles from the plasma stream. In order to maximize the
plasma transport efficiency of the filter the duct wall should be biased, typically to a positive voltage
of about 10–20 V. In some cases it is not convenient to bias the duct, for example if the duct wall
is part of the grounded vacuum system. However, a positively biased electrode inserted into the duct
along its outer major circumference can serve a similar purpose. In this article, we describe our
results confirming and quantifying this effect. We also show the parametric dependence of the duct
transport on the experimental variables. ©1999 American Institute of Physics.
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I. INTRODUCTION

The vacuum arc~or cathodic arc! plasma is a low volt-
age, high current plasma discharge that takes place betw
two metallic electrodes in vacuum, and can be used for
production of metal plasma streams for a variety of resea
and technological purposes.1–4 Contamination of the vacuum
arc metal plasma stream by ‘‘macroparticles’’ — micro
size resolidified cathode debris — is for most application
disadvantage, and several different means have been d
oped for removing or at least reducing the macroconten
these kinds of plasmas. The approach to macroparticle fi
ing that has seen the most significant progress is the us
curved magnetic guide fields, first introduced by Aksen
and co-workers in the 1970’s.5–7 Plasma from the cathodi
arc source is injected into a bent solenoidal magnetic fi
region, 45° and 90° toroidal sections, for example, be
typical. The plasma is transported through the duct, w
some loss, while the macroparticles are not magnetic
guided and are lost from the plasma stream by the time t
reach the substrate location. A detailed experimental inve
gation of duct plasma transport as a function of various
rameters was made and reported by Anders, Anders,
Brown.8

The importance of the flow of magnetized electro
~electron gyro radiusre,r d , the duct minor radius! in de-
termining the transport of unmagnetized ions~ion gyro ra-
dius r i.r d) via ambipolar electric fields has been point
out. For good plasma transport the duct must be biased
respect to the plasma, typically by about110–120 V, an

a!Author to whom correspondence should be addressed; electronic
paul.chu@cityu.edu.hk
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effect noted in the pioneering work of Aksenov and c
workers. This feature was recognized also by Bileket al.
who showed that a similar effect could be produced by
plying a positive bias to a strip electrode that is located n
the outer wall of the interior of the duct.9 These kinds of
optimized ducts can achieve a plasma transport efficiency
to about 25% or more. The goal of filter research is thus
increase the plasma transport efficiency through the duct
to reduce the residual macroparticle flux.

The magnetic field strengths used in curved magn
filters are usually several hundred gauss, which for a typ
duct minor radius of some centimeters implies that
plasma electrons are magnetized but the ions are not. Th
turn means that the plasma losses in the curved section
the filter are due primarily to ions colliding with the walls
The effect of the magnetic field is to reduce the electr
mobility perpendicular to the field lines and so reduce grea
the electron losses to the duct walls. The greater inertia of
ions and the lack of a strong magnetic force allow the ions
reach the walls of curved sections more readily. This is c
firmed by the fact that the entire duct floats at a posit
potential with respect to the plasma gun anode poten
when isolated from the rest of the system,8,9 provided a good
guiding magnetic field configuration is applied. By ‘‘good
we mean field lines essentially parallel to the duct wall a
of strength high enough to ensure that the electrons are
magnetized. Moreover, floating potential9 and ion saturation
current10,11 measurements made using small electric pro
located at various positions near the wall of the duct indic
that the ion losses occur predominantly at the outer~large
major radius! wall, while the ion current collected at th
inner ~small major radius! wall is close to zero.10,11 The
floating potential of the plasma near the inner wall is fou
il:
9 © 1999 American Institute of Physics
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to be essentially at ground,9 indicating that the ion and elec
tron current losses are matched. The potential of the pla
near the outer wall was consistently positive,9 indicating that
ion losses dominate electron losses there. Application o
bias that is positive with respect to ground at the inner w
would lead to drawing an additional electron current w
little effect on ion losses. Hence, the optimal duct bias
solution is one in which the bias is applied only to the ou
wall. In this way, ion losses can be reduced while keep
the electron current drawn by the bias plate to a minimu

II. EXPERIMENT

The experiments were carried out using the vacuum
facility at the City University of Hong Kong.12 The plasma
source incorporated a 1-cm-diam titanium cathode an
stainless-steel mesh anode~2 mm mesh size! positioned
about 16 mm in front of the cathode. The plasma gun w
located at the entrance to a 45° magnetic duct, a vacu
elbow 8 cm in diameter and 50 cm long, about which w
wrapped a solenoid to establish the duct magnetic field.
the experiments reported here the arc current pulse was
A and of duration 200ms, with repetition rate 33 pulses pe
second. The duct magnetic field was varied from 0 to 560

An aluminum electrode~the ‘‘Bilek bias plate’’! was
positioned at the duct wall and biased so as to enhance
plasma transport through the duct. The plate was insula
from the vacuum chamber wall by a sheet of plastic, and w
of 90° azimuthal extent against the inside surface of the o
ermost~large radius! side of the duct. The plate was biase
positively to a voltage that was varied up to150 V for these
experiments. Because the plate drew a sizeable electron
rent during the plasma pulse~several tens of amperes!, a 1
mF capacitor was used to minimize the voltage sag du
the pulse. The plate voltage was monitored to ensure
voltage stayed at a reasonably constant level.

A large area plane collector plate was positioned wit
the vacuum chamber to which the plasma duct was attac
about 10 cm from the duct exit, so as to monitor the plas
transported through the duct. The plate was negatively bia
to 250 V to collect ion current. We varied the bias volta
over a range to confirm that this bias voltage was comf
ably within the ion saturation current regime. There was
suppression of secondary electrons produced by impac
the ions with the collector plate and thus the monitored c
rent is the sum of the transported plasma ion current and
secondary electron current. However, the electron curren
not expected to be dominant at this ion energy.

The vacuum chamber pressure was typically abou
31023 Pa (431025 Torr!. A simplified schematic of the
experimental setup is displayed in Fig. 1. For the exp
ments reported here we monitored the collector plate cur
~transported plasma ion current! as a function of Bilek bias
plate voltage and duct magnetic field strength.

III. RESULTS AND DISCUSSION

The plasma ion current transported through the duct~the
collector plate current! as a function of the Bilek bias plat
voltage, with duct magnetic field strength as a paramete
a
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shown in Fig. 2. The duct transport efficiency is seen
maximize at a value of bias plate voltage in the ran
110–120 V, independent~within our limit of measurement!
of the duct field strength. The optimal improvement
plasma transport — the factor by which the transported
current is increased by the Bilek bias plate, or ratio of ma
mum collector plate current to the current at zero bias —
depicted as a function of duct magnetic field in Fig. 3. T
maximum transport efficiency improvement is seen to
about a factor of 4.

The plasma output monotonically increases with the d
magnetic fieldBD . There is almost no plasma output whe
the duct magnetic field is zero. This indicates that the d
magnetic field is a critical factor of the plasma output.
contrast to the case of zero duct magnetic field, the plas
output increases with duct magnetic field when the Be
plate is grounded. The ions are weakly magnetized~Larmor
radius'50– 140 mm.minor radius! compared with the elec
trons ~Larmor radius'0.1– 0.5 mm!minor radius! at the
magnetic field strengths employed here~exceptBD50).The

FIG. 1. Schematic of the experimental configuration.

FIG. 2. Measured collector plate currentI c as a function of Bilek bias plate
voltageVB , for several different duct magnetic field strengthsBD .
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electrons move along the magnetic field line and the i
move along almost in a straight line and strike the duct w
In this way, the ions and the electrons in the plasma w
separate from each other. However, the quasineutrality c
dition of the plasma prevents the ions and the electrons f
separation. The Debye length of the plasma in the duc
given by the following relationship:

lD5~eokTe /e2ne!
1/2, ~1!

wherek is the Boltzmann constant,Te is the electron tem-
perature, andne is the electron density. The electron tem
perature was experimentally determined to be about 3 eV
the metal arc and curved magnetic filter system, andne can
be approximated by13

ne5gI arc/d
2, ~2!

whereg51013 A21 m21, I arc is the arc current, andd is the
distance to the cathode spot. Here,I arc5150 A and, for es-
timation of the largestlD , d50.5 m~the length of the mag-
netic duct!. Hence, the highestlD is 0.166 mm. The Debye
length is small and the ions are bound to the electrons by
space-charge electric field.

When the bias plate is grounded~duct bias50! andBD

5560 G, the bias plate currentI B is larger than 0~see Fig.
4!, meaning that there is a net ion current received on
bias plate. The ion flux is directed to the outer wall of t
curved duct, and the inertia of the ions overcomes the e
tric force resulting from the quasineutrality of the plasm
Even when the bias plate has a positive potential of up t
V, there is still a net ion current. On the other hand, t
electrons are magnetized to such an extent that they are
drawn by the electric field resulting from the ions movin
into the bias plate. Therefore, the ions and electrons of
plasma in the duct are separated from each other by the
magnetic field. The duct magnetic field alone is not enou
to confine the ions completely, but a positive biased plat
the outer wall of the duct reinforces the confinement.

Our experimental results show that the plasma can
transported efficiently through a curved magnetic duct w
an electrode installed on the large radius side of the in
wall of the duct, biased to a voltage of about110 to120 V.
Duct biasing is necessary in order to maximize the plas
transport through the duct and a grounded duct has p

FIG. 3. Plasma transport efficiency enhancement factor,I c(max)/Ic(VB50),
as a function of the magnetic duct field strengthBD .
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transport efficiency. The advantages of this approach incl
convenience and practicality, especially when the duct
been manufactured as an integral part of the vacuum ch
ber wall with the solenoid positioned externally around t
grounded duct. Our success also opens up the possibilit
employing different configurations, such as different sha
size, and location of the Bilek plates, to achieve further
hancement in plasma transport efficiency. For example,
gitudinally or azimuthally segmented and separately bia
sections of the biased plates may attain an improvement
ter than the factor of 4 reported in this article.
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