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A cathodic arc plasma source equipped with a curved magnetic duct to filter macro-particles was used to study

plasma diffusion and transport in the duct. We determine the optimal duct bias, at which the magnetic duct produces

the maximum plasma output, for titanium cathodic arc plasma at 50, 100 and 150 A arc current, and we investigate the

parametric effects of the arc current and guiding magnetic field on the optimal duct bias. The optimal bias decreases as

the guiding magnetic field increases from 0.01 to 0.04T and is almost independent of the guiding magnetic field when

the magnetic field strength ranges from 0.04 to 0.06T, the upper limit for our equipment. The optimal duct bias at

0.04T guiding magnetic field decreases with increasing arc current.
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1. Introduction

The large ion flux and high degree of ionization
are two important characteristics of metal plasmas
produced by a cathodic arc plasma source. Cathodic
arc plasmas suffer from macro-particle contamination,
and a number of techniques have been proposed to
mitigate or eliminate the undesirable effects.[!:2] The
most common method to remove macro-particles is to
insert a curved magnetic filter between the source and
the samples. The two most important parameters in
designing magnetic filters are the duct bias voltage
and the magnetic field. The magnetic field is neces-
sary to efficiently transport the plasma through the
filter, and a proper bias on the filter wall increases the
plasma output by an additional factor of 3 to 5.13:4
This is because the magnetic field limits electron mo-
tion in the radial direction and the positive bias de-
ters ions from colliding with the filter wall. The ef-
fects of the guiding magnetic field and the duct bias
on the plasma transport have been investigated.[>—10!
Almost all the experiments described in the literature

have been conducted at a fixed arc current of 100A, in

order to be able to compare the results from different
groups. However, a practical arc current for various
applications might be different from 100 A, and little
is known about the effects of the arc current on the
optimal bias. In the present work, we determine the
optimal duct bias for titanium cathodic arc plasma
at 50, 100 and 150 A arc current and investigate the
impact of the arc current and guiding magnetic field
on the optimal duct bias. The mechanism of the en-
hancement on the plasma output by the duct bias is

also discussed.
2.Experimental set-up and mea-

surement

The experimental apparatus used in this study
includes a magnetic duct and a cathodic arc plasma
source, as shown in Fig.1. The cathodic arc plasma
source consisted of a negatively biased electrode, 1 cm
in diameter, and a grounded anode with an aperture
56mm in diameter. The cathodic arc discharge was
operated in a pulsed mode at a frequency of 1 Hz and
powered by a 0.3 ms pulse-forming network. A curved

magnetic duct was inserted between the plasma source

*Project supported by the City University of Hong Kong SRG (Grant No 7001177), Hong Kong RGC CERG CityU 1032/00E
(CityU designation (Grant No 9040498), the National High Technology Development Programme of China (Grant No
2001AA338020-3), the Natural Science Foundation of Beijing, China (Grant No 1002005), and the Beijing Science and

Technology “New Star” Plan, China (Grant No 952870400).

963



964 Zhang Tao et al

Vol. 11

and vacuum chamber to remove macro-particles pro-
duced in the cathodic arc plasma. The curved mag-
netic filter consisted of a 90° stainless-steel pipe with
a minor radius of 40 mm and major radius of 100 mm.
There was an insulator between the anode and vac-
uum chamber so that it could be positively or nega-
tively biased. A coil wrapped around the duct pro-
duced a guiding magnetic field when a dc current was
applied. As the distance between the end of the ca-
thodic arc discharge and the entrance to the coil was
only 20 mm, the coil also produced a focusing (conver-
gent) magnetic field near the cathodic arc. The duct
was biased via a capacitor bank of 22mF. A large
capacitance is needed to provide the high duct cur-
rent required during the arc pulse, otherwise the duct
potential could change significantly when the plasma
plume streams through the duct. A planar collector
plate, 26 cm in diameter, was positioned in the vacuum
chamber about 50 cm from the duct exit to monitor
the ion flux transported through the duct. The plate
normally faces the duct exit and is negatively biased
to =150V in order to collect the ion current. The vac-
uum chamber pressure is about 5x1073 Pa. In our
experiments, the collector plate current (transported
plasma ion current) was monitored as a function of the
duct bias voltage at different duct or guiding magnetic
field strengths. The cathodic arc current and ion cur-
rent given here are peak pulse values and each value

represents the mean of at least five measurements.

cathode  trigger

collector

Fig.1. Schematic diagram of the apparatus.

3. Results and discussion

Figure 2 shows the relationship between the
plasma output (ion current I,,;) of the duct and
the positive duct bias with the magnetic field and
arc current as parameters for titanium plasma. The
plasma output of the duct at 0.01T magnetic field in-

creases monotonically with the duct bias within the

experimental range of 0 to 70V duct bias for tita-
nium plasma. The ratio of the maximum to mini-
mum plasma output is about 2:1 from 0 to 70V for
0.04-0.06T guiding magnetic field and 100-150 A arc
current. For 0.04-0.06T guiding magnetic field, the
plasma output at 0V duct bias is higher than that
at 70V duct bias at all arc currents. The optimal
duct bias decreases as the guiding magnetic field in-
creases from 0.01-0.04T and is almost constant when
the guiding magnetic field is between 0.04 and 0.06T
for titanium plasma transport at 50, 100 and 150 A

arc current (Fig.3).
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Fig.2. Plasma output Iout of the duct versus positive
duct bias V with guiding magnetic field and arc cur-
rent as parameters for titanium plasma transported
through the duct. The arc currents are 50, 100 and
150 A, respectively.
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40 the plasma density. Another variable that should be
3 B s0A considered is the electron temperature because it also
0l @— 100A affects the plasma diffusion, and hence substantially
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Ti plasma transported through the duct.

It is obvious that a proper positive duct bias in-
creases plasma transport efficiency. The enhancement
factor, i.e. the ratio of the plasma output at the opti-
mal duct bias to the plasma output at 0V duct bias,
is below 2 and less than the values of 3 to 5 reported
in other papers.®4 In our previous experiments using
a 45° magnetic duct and 0 to 70V duct bias, it was
found that the maximum enhancement factor reached
4 and the plasma output exhibited a minimum at 0V
duct bias.[®! All the results reported in the literature
show that the optimal bias is steady at a high guid-
ing magnetic field and is 10-20V at an arc current
of 100 A, although the exact trend (duct bias versus
plasma output curve) varies slightly among different
research groups.

At the optimal duct bias, the plasma output of
the magnetic duct increases as the guiding magnetic
field increases. Hence, a high guiding magnetic field
enhances the plasma transport efficiency as long as
the heat generated by the coil is under control. We
can take the optimal duct bias at 0.04T plus guid-
ing magnetic field to be the steady optimal duct bias.
The steady optimal duct bias decreases with the ca-
thodic arc current for titanium plasma (Fig.4). Vary-
ing the arc current changes the characteristics of the
plasma, such as the electron temperature, ion velocity,
ion charge state and plasma density. The ion charge
state and ion velocity in a cathodic arc plasma are
almost independent of the arc current in the pres-
ence of a weak magnetic field, and also they hardly
change when the magnetic field changes from zero to
hundredths of Tesla.l'' =" The variable that under-

goes the largest change when the arc current varies is

Fig.4. Optimal duct bias V,p, versus cathodic arc cur-
rent I at 0.04T guiding magnetic field. The calculated
average plasma density ng at the duct entrance versus

cathodic arc current I. is also shown.

It is believed that the enhancement of the plasma
transport efficiency by the duct bias results from the
reflection of ions in the plasma.[':3 A positive duct
bias produces a sheath at the duct wall when the duct
is filled with plasma. The electric field in the sheath
reflects ions through the sheath back to the quasi-
neutral plasma and thus a positive duct bias helps to
increase the plasma output of the duct. The role of
the positive duct bias to focus the plasma flux into the
duct should not be confused with that to reflect the
ions in the plasma, since both of the roles of the duct
bias help to boost the plasma output of the duct under
certain conditions. The fact that the optimal duct bias
remains steady for high guiding magnetic field cannot
be adequately explained by the former role of the posi-
tive duct bias. The anode is isolated from the duct and
there is an open gap between the cathode and duct in
our experiments. When the arc is on and the plasma
plume streams through the duct, both the anode and
duct will draw electron current. When the positive
duct bias increases, the current received by the duct
increases while the current received by the anode de-
creases. If the positive duct bias is high enough and
the current to the duct is close to the arc current, then
the current to the anode, which is at ground potential,
is very small. The plasma plume can be transported
through the duct only if the plasma plume enters the
The fact that the anode current de-

creases with positive duct bias implies that the plasma

duct entrance.
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flux entering the duct increases with higher positive
duct bias. The entire plasma flux thus enters the duct
if the anode current is near zero. Hence, it appears
that a positive duct bias mainly acts as an auxiliary
anode to enhance the arc current and to guide the
plasma flux into the duct. In this way, the optimal
bias helps to increase the transport efficiency. How-
ever, similar to a positive duct bias, a strong guiding
magnetic field focuses the plasma plume into the duct.
We have noticed that the positive duct bias in this ex-
perimental regime hardly influences the anode current
when there is a strong guiding magnetic field, and so
the positive duct bias contributes very little to focus-
ing the plasma plume into the duct in the presence of
a strong guiding magnetic field. However, the optimal
duct bias is still nonzero in this case. The optimal
bias is a substantial positive value in the presence of a
strong guiding magnetic field. It can thus be inferred
that the role of the duct bias in focusing the plasma
plume is independent of the role of the duct bias in

reflecting ions near the duct wall.
4. Conclusion

A proper duct bias can improve the plasma out-
put from the magnetic duct of a cathodic arc source,
and both the arc current and guiding magnetic field
can influence the optimal duct bias. The enhance-
ment of the plasma transport efficiency in the presence

of a positive duct bias has two mechanisms. On the

one hand, the positive duct bias focuses the plasma
flux into the duct entrance, thereby resulting in an
increased plasma output. On the other hand, the pos-
itive duct bias reflects plasma ions streaming through
the duct and deters the ions from impinging on the
duct wall. This effect also helps to increase the plasma
output. When the guiding magnetic field is not strong
enough to focus the plasma flux, a positive duct bias
can make up for this inadequacy and the enhancement
of the plasma output can be attributed to both the fo-
cusing and reflecting mechanisms. When the guiding
magnetic field is strong enough to adequately focus the
plasma flux into the duct, the focusing role of the pos-
itive duct bias is not important and the enhancement
of the plasma output is mainly due to the reflecting
mechanism. Nonetheless, regardless of whether the
guiding magnetic field is strong or weak, the reflec-
tion of the ions in the plasma by the positive duct
bias is an essential mechanism for the enhancement of
the plasma transport through the duct. Our exper-
imental results show that the optimal bias decreases
as the guiding magnetic field increases from 0.01 to
0.04T and is almost independent of the guiding mag-
netic field when the magnetic field is 0.04-0.06T. The
optimal duct bias at 0.04T guiding magnetic field de-
creases with the arc current. Therefore, it appears
that the optimal duct bias must be closely related to
the plasma parameters and ion reflection by the posi-

tive bias.
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