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On the Dynamics of the Plasma Entry and Guiding in
a Straight Magnetized Filter of a Pulsed Vacuum Arc

Leandro Giuliani, Fernando Minotti, Diana Grondona, and Héctor Kelly

Abstract—In this paper, a study of the plasma jet generated in
a pulsed copper vacuum arc along a straight magnetized filter is
presented. The ion saturation current and the plasma potential at
different radial and axial positions and magnetic field intensities
were measured using electrostatic probes. A theoretical model was
developed to understand the dynamics of the plasma entry and
guiding in the filter. This model takes into account magnetic field
variations and Gaussian ion radial profiles. An analysis of the
experimental results with the theoretical model shows that, in our
device, as the magnetic field intensity increases along the filter,
the plasma motion evolves from a radial compression with a low
rotational velocity at the filter entrance to a rotating jet guided
along the duct.

Index Terms—Magnetic field, plasma jet, vacuum arc.

I. INTRODUCTION

N VACUUM arc discharges, a jet of plasma with energetic

ions is spread out from the cathode [1]. Also, melted cathode
material is emitted in the form of microdroplets. These micro-
droplets are undesired for some coating applications, because
their presence increases the porosity and roughness of the coat-
ing, affecting the films properties. Up to now, the widely used
system for removing microdroplets is magnetic filtering. This
process consists of a magnetic field generated by a solenoid
wound around a tube. The plasma flux is guided through the
tube by the magnetic field, whereas the massive microdroplets
stick on or bounce from the walls because they travel in almost
straight lines. The tube can be a straight tube (rectilinear filter)
or a curved one. The main drawback of these filters is the
relatively high ion losses along the filter, thus resulting in a
marked reduction of the deposition rate. The main ion losses
occur at the filter entrance. For this reason, it is important to
study the plasma transport to optimize the filtering system.
Many experimental and theoretical works have been performed
in this direction [2]-[5].

In a previous work [6], we presented experimental results
and a very simplified theoretical model for the plasma transport
in a rectilinear magnetic filter produced in a pulsed vacuum
arc. The radial profile of the floating plasma potential and
the ion saturation current were measured using electrostatic
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probes along the inner region of the filter, where the magnetic
field intensity remains almost constant. The plasma rotation
due to the presence of an axial magnetic field was particularly
analyzed, using a hydrodynamic model that assumed a constant
magnetic field value.

Following this line, in this paper, measurements with elec-
trostatics probes have been made at the filter entrance. In
this region, contrary to what happens in the central region of
the filter, the field intensity changes considerably. Therefore,
the previously developed theoretical model has been extended
to include a magnetic field variation and more realistic ion
radial profiles. An analysis of the experimental results with the
theoretical prediction allowed us to understand the behavior of
the plasma flux along the filter. We found that, in our device, as
the magnetic field intensity increases along the filter, the plasma
motion evolves from a radial compression with a low rotational
velocity at the filter entrance to a rotating jet guided along
the duct.

II. EXPERIMENTAL SETUP

A schematic drawing of the experimental apparatus is shown
in Fig. 1. The arc was pulsed for ~35 ms, with an arc peak
current (I5) of (450 £+ 20) A and an interelectrode voltage
(Vac) of (45 + 5) V. The arc was produced by discharging
an electrolytic capacitor bank with C' = 0.075 F, connected
to a series inductor-resistor (L = 2 mH, R = 0.33 €2), which
critically damped the discharge [7]. The charging voltage was
260 V and the arc was ignited with a mechanically controlled
tungsten trigger rod. The vacuum chamber was a stainless
steel cylinder 25 cm long with a 10 cm (inner) diameter. The
chamber pressure was maintained at a base pressure < 10? Pa
during the whole arc discharge with an oil diffusion pump.

A grounded cathode (5 cm in length and 1 cm in diameter)
was located in front of an annular anode with an aperture of
5 cm and a thickness of 2 cm. A grid was mounted on the
cathode-facing side of the anode and kept at the same anode
potential. The distance between the cathode frontal surface and
the closest plane of the anode (grid position) was 1 cm. The
lateral surface of the cathode was covered with a Pyrex insulator
to ensure that the ion emission was through the cathode front
surface.

At the end of the anode, separated by a 1-cm insulating
ring, was placed the entrance of the magnetized duct at 3 cm
from the cathode frontal surface. The magnetic field was es-
tablished by an external coil wrapped around a stainless steel
tube (22 cm long, 5 cm inner diameter). The coil was fed with
dc current from an independent power source. The magnetic
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Fig. 1. Schematic drawing in scale of the experimental apparatus.
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Three circular plane copper probes (0.6 cm diameter) located
at different radial positions in the tube were employed to regis-
ter the plasma floating potential and the ion saturation current
(IP) as functions of the axial position along the tube [(d),
measured from the cathode frontal surface] and the magnetic
field intensity. One of the probes (probe 1) was located on
the symmetry axis of the duct, while the other two (probes 2
and 3) were located at radial positions (r) of 1 and 2 cm from
the duct axis (measured from the center of the coils), respec-
tively. Taking into account the relatively high plasma potential
(see next section), for the measurement of the ion saturation
current, the probes were simply biased to ground through a
small resistance to ensure that the probe voltage was well below
Vpe during the discharge. The electrical signals were regis-
tered using a four-channel digitizing oscilloscope (500 MS - s!
sampling rate, 100 MHz analogical bandwidth).

III. RESULTS

Fig. 2 presents the magnetic field profiles (B,) measured at
the filter axis when the coil was carrying currents of 42 and
80 A. It can be seen that the magnetic field intensity varies
considerably at the filter entrance and reaches its maximum
value at the duct center. In this paper, the magnetic field
intensity (B) was characterized with the value measured at the
duct center (r = 0 cm and d = 15 cm), with values of 21.7 and
41.3 mT for the previously quoted coil currents.

The presence of the grid neither perturbed the interelectrode
voltage nor the arc current, giving the same results than in previ-
ous works performed with the same equipment but without the

Fig. 2. Magnetic field profiles measured at the filter axis corresponding to two
different coil currents. The discharge geometry is depicted at the bottom of the
figure.

grid [6]. However, the grid did modify the ion current and the
plasma potential but allowed the approximation of the probes
to the cathode to perform measurements at the filter entrance.
Because the magnetic field at the cathode position is small
(below 5 mT), Vac and I were both independent of B within
experimental uncertainties, reaching values of (45 + 5) V
and (450 £ 20) A, respectively.

In Fig. 3, typical signals of Vj¢ and IP obtained with the
three probes corresponding to d = 10.5 cm and B = 21.7 mT
are presented. It can be seen that both quantities present a
maximum at t ~ 10 ms, corresponding with the peak in I,.
To establish correlations between the different measured quan-
tities, in what follows, we will use these peak values of V¢ and
I? as representative of these quantities, without any distinction
in the symbols. Since vacuum arcs are known to show marked
fluctuations, each point in the graphs to be presented below will
correspond to the average of five consecutive shots performed
under the same operating conditions.

Fig. 4 shows the measured axial profiles of V¢ at three
different radial probe positions (Vp1 , Vpr, and Vp3 , correspond-
ing to probes 1, 2, and 3, respectively), for the two investi-
gated B values (21.7 and 41.3 mT). It can be seen that the
three probes located at the same axial position present voltage
differences which indicate the presence of a radial electric
field (E;). These differences are increased as the probes are
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Fig. 3. (Top) Typical waveforms of the probes floating potential, and (bottom)
the collected ion current corresponding to d = 10.5 cm and B = 21.7 mT.
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Fig. 4. Axial profiles of the plasma floating potential corresponding to the
three radial positions (Vplf, V2, and Vlff), for the two investigated values of B

pf’
(21.7 and 41.3 mT).

moved away from the cathode, finally reaching a practically
constant value at d ~ 10 cm. The described behavior is more
pronounced for the largest B value. The floating voltages can
be converted easily into plasma voltage (V,) values. This
is so because the magnetic field is almost perpendicular to
the probe’s surface, and so the classical Langmuir probe’s
theory is valid, [8] corrected by Lam’s work [9] to take into
account ions of arbitrary kinetic energy. Hence, V,, = V¢t +
T./en{[4m; /(m Zime)|V?[1 + Ki/(Z:T.)) 712}, where T, is
the electron temperature in energy units, m; and m, are the ion
and electron masses, respectively, K is the ion kinetic energy
and Z; the average charge of the ion. Besides, since elastic and
inelastic collisions are infrequent, the electron temperature T,
can be considered as a constant, and the same happens with K,
as is shown below. In this way, V], and V), differ in an additive
constant, so that the electric field can be determined using V¢
instead of V},. The electron temperature was determined from
the slope of the electron current branch of the current—voltage
characteristic of probe 1. To avoid misunderstandings in the
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Fig. 5. Ion current to the probes (/. il, I. iz’ and [ 13’ normalized to the probe
areas) as functions of d for B = 21.7 mT and B = 41.3 mT.

interpretation of the electron branch of the probe characteristic
due to the presence of the magnetic field, for the determination
of T,, the case B = 0 and floating filter was selected, resulting
inT, =(2.0+0.4)eV.

In Fig. 5, the ion current to the probes as functions of d are
presented for the two investigated B values. This figure shows
that the ion current to the probes decreased markedly in the
first 3 cm, corresponding to the anode region, whereas there
was little change in the currents after this point, which is the
entrance of the magnetic filter. It can be seen that the current
distribution along the tube is much more concentrated at the
duct center for large B values.

IV. PLASMA MODEL

We used a simple model to describe the plasma entering the
magnetic filter. The model is similar to that used in [6] with
the addition of a nonuniform magnetic field and an extension
to more realistic radial profiles of density and current. A time-
independent plasma jet is considered, with azimuthal symmetry
about the filter axis, representing the ions and electrons leaving
the main discharge and entering the filter. The model equations
are considered time independent because the ion transit time
along the filter is very small (a few microseconds) compared
to the discharge duration (a few tens of milliseconds). It is
important to mention that the model is intended to describe
the plasma that have effectively entered the filter and concen-
trates around the filter axis, forced by the radial electric field
generated by the charge separation between the magnetized
electrons and the nonmagnetized ions. Taking into account the
described behavior of the ion current to the probes for d > 3 cm
(see Fig. 5), plasma losses to the filter wall are neglected. The
idea is to treat with some detail the ion dynamics, neglecting
in their fluid equations the collisions with electrons, and the
ion viscosity (these approximations were discussed in [6]). No
equations are considered for the electrons; its only effect being
the electric field they contribute to generate. It will be shown
that, based on the assumptions made for the ion dynamics, the
radial component of this electric field results a linear function
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of the distance to the filter axis, with axial position dependent
coefficients to be determined experimentally.

The charge conservation equation for the ion current density
7, in cylindrical coordinates, is, for the assumed symmetry

10, . 07
rar It g,

=0. (1)

The axial ion current density j, is assumed to be distributed
in the cross section of the plasma jet, according to a Gaussian
profile given by [6]

I

W(Z) exp [—7‘2/R2 (z)] 2)

Jz(r,2) =
so that R(z) determines the ion current profile at each z = const

section of the jet. From (1) and (2), one obtains

o= 12

[2 (1 —exp [-r?/R*(2)]) — r*/R*(2)] .
3)

In this expression, R' = dR/dz, and I; is the total ion current
entering the filter (a small fraction of the arc current I ). The
positive z-direction is taken as that going from the cathode to
the filter, that is, the direction in which the jet ions move, so that
I; > 0.

Since in our situation the I value is relatively large (450 A),
the ions are ejected from several spots moving fast on the
cathode surface. As the ions are ejected at small angles normal
to the cathode surface [1], on the time average, it can be
considered that the ion jet is emitted evenly distributed on the
whole frontal cathode surface, with an approximately uniform
axial ion velocity (uz) in each cross section of the jet, and
with a relatively small radial velocity (u,)(u, < 0.2u,), for
emission angles smaller than 10° [1].

Thus, as j, can be expressed in terms of vz and the ion mass
density (p) as

p(r,2)u,(2) )

from (2) we obtain

mil;

plr,z) = ZienR2(2)u-(2) exp [—r?/R*(z)] . Q)

Using also

p(T, Z)UT"(Ta Z) (6)
we determine u,. as
ur(r, 2) = u.(2)g(r, z) (7

where the function g is defined as

R(z)R'(2)

exp [T’Q/RQ(Z)}

x [2(1—exp [-1?/R*(2)]) —r*/R*(2)] . (8)

g(r, 2)
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The 6 component of the ion-momentum conservation
equation is

n 8%9 +
Up—— + Uy ——
or 0z r p p

UrUg _ szr _ jrBz

®

where ug is the azimuthal ion velocity and B, and B, are the
radial and axial magnetic field components, respectively.

If in (9) the expressions for j., j,, p, U, and u,., from (2), (3),
(5), and (7) are used, and one expresses ug as ug (1, z) = Q(2)r,
the following equation for 2(z) is readily obtained:

dS) Z;
r— +2g§Q) =
dz

e
-(B, — gB.).

1

(10)

The equation V - B = 0 allows to express B,, in the axially
symmetric case considered, as

With the approximation

0B.(r',z) _ 9B.(0,2)
0z - 0z

B,.(r, z) can be expressed as

1 9B.(0,2)

By (r,z) ~ 2 0z

Y

Using the analytical solution for the magnetic field of a finite
solenoid we have checked that the approximation (11) is quite
good in all regions of interest, resulting in differences below
10% or even close to the cathode and at radii close to the filter
radius.

Besides, the Taylor r expansion of g is

{1 - 61;:(;:) e ;Z(z) o <R<>ﬂ

which indicates that in the region where most of the plasma
concentrates, 7 < R(z), one can safely write g(r, z) = rR'(z)/
R(z). With this expression and (11), (10) can be written as

_ rR'(2)
R(z)

g(r, 2)

A 2R/(z)
dz ' R(z)

Q) = Zie (dBZ(O,z) 2R (2)

Comy dz R(z) B (0, Z)>

whose general solution is

ZieB,(0, 2) C
- +

Qz) = R20)

12)

2mi

where C is a constant.
We consider now the axial and radial ion flow. The cor-
responding momentum equations can be written, with the
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assumed expressions for the ion velocity, as

o, Qe
Mz~
0
= —Tia— In(n;) + Zie(E, — ugB;) (13)
z
. ou, . ou, B &3
i\ U T, r
0
—Ti— In(ni) + Zie(Er + upB,) (14

or

where n; is the ion density and the ion temperature 7} is
assumed constant. By dividing (13) by 2K; (twice the ion
kinetic energy), this equation can be written in the form
1 du,
u, 0z

,Ti 0 Zie 8¢) ZiBUQBr

= — 71 i) — = = —
2Ki 0z Il(’/l ) 2Ki 0z 2Ki

where ¢ is the electrostatic potential. The ion kinetic energy
K; is about 50 eV, and T} =~ 0.3 eV [11]. Therefore, the ion
flow is highly supersonic (Mach number M ~ 12) and one
should expect a change of the axial flow velocity as the jet
section changes. However, because the density and the velocity
are related by mass conservation, their characteristic lengths
of variation are similar, and so the pressure term (the first one
in the right-hand side), responsible for the mentioned effect is
smaller by about M ~2 than the left-hand side. Moreover, ¢ is
found to vary by only a few volts along the filter (see Fig. 4),
so that the second term in the right-hand side is also small
compared to the left-hand side. Finally, the last term can be
estimated using wug(r, z) = £2(z)r, with characteristics values
0~ 10°s7 ! and r ~ R ~ 1072 m, [6] resulting to be smaller
than 0.5 m~!. From all this, the length scale for the variation of
u, can be evaluated to be well above the filter length, so that u,
can be assumed constant in the model.

On the other hand, as n; = p/m;, using (5) and (7), we can
write from (14)

u?R" 9 2T; E,
m; <R -0 ) = R2 + Zie (7" + QBZ) (15)

where, as before, the approximation made is to neglect terms
of order (r/R)? and higher in the left-hand side of (14), and
to replace ug(r,z) = Q(2)r. Again considering the smooth
variations of B, with r, as was done in (11) (or also from
a posteriori estimations that allow to neglect the magnetic
force compared to the electric force), the only term in (15)
with an r dependence is E,/r, and so F, must be linear in
r. Then writing F,, = —0V/0r, the electrostatic potential V" is
a quadratic function of r. As 9V/0r|,—¢ = 0, one can write

V(r,2) = Vo(z) + F(2)r? (16)

where F'(z) is a function of z only, to be determined experi-

mentally. Expression (16) allows to rewrite (15) as

miu? (2)R"(2)
R(z)

2T;
R2(2)
+ Zie[Q2)B,(0,2) — 2 F(z)].

=miQ(2)* +

a7
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For strong enough values of the magnetic field, the mag-
nitudes of the plasma reach almost z-independent profiles
in the so called “equilibrium region” inside the filter (this
z-independence is the definition of this region, in which also the
magnetic field is almost uniform and is close to its maximum
value, B, (7, z) = Bmax)- In this region, R” = 0, R = Ry, and
I = Fq, so, from (17), one has a relation among equilibrium
values that allows the constant C' in (12) to be determined. The
result is

ZieBmax 2
C = <Qeq + 2ml> Req (18)
where
Qci 8 T‘l
Qeqg = — 1£4/14+ ——Foy — =——— 1
TS %*%mw<QZ%J(%

and €); is the ion cyclotron frequency corresponding to By ax

o ZieBmax

mi

Qci

This expression is similar to the rigid rotor solution of
Davidson [10]. The term proportional to T; is related to the
pressure term (diamagnetic term in Davidson’s expression), the
term proportional to F, arises from the radial electric force
(E cross B drift term in [10]). In this way, from measured
values of Fiq and Req, (12) completely determines the plasma
angular velocity 2(z) in terms of the plasma radius R(z).

V. INTERPRETATION OF THE RESULTS

Experimentally, the values of R(z) can be determined as in
[6], fitting the measured current density, at each z position, with
a Gaussian radial profile. On the other hand, F'(z) is determined
using the voltage difference between probes three and one as

F(z) = M
(AT3_1)2

where Ars_1 is the distance between the two probes.

To proceed, it is worth noting that, according to the mea-
sured values, expressions (17) and (19) can be significantly
simplified. In the first place, in (19), the relative importance of
the different terms inside the radical is given as, for the radial
electric field and the pressure terms

T, ZieAVy

: = 01
q ZiBqu ,‘TI

Fe

where AVyq = Fengq. Considering that AV, is about a few
volts, and 7} ~ 0.3 eV [11], the pressure term can be neglected.
For the remaining radial electric field term
8Foq  8ZieAVyq
Qci-Bmax N mi(QciReq)2
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Fig. 6. Radial spatial scale of the Gaussian-density decay as a function of d
for the two investigated B values. The lines are only a guide for the eye.

since even for the highest magnetic field this relation turns out
to be about 80, (19) can be approximately written as

2Fquci -+ /2Z16Feq-
Bmax my

In a similar manner, the pressure and magnetic force terms
in (17) can be neglected (compared to the radial electric field
term) all along the duct because as one moves toward the
filter entrance the electric term is even more important as the
magnetic field and the plasma rotation decrease. On the other
hand, the electric field does not change appreciably (this is later
verified at the end of this section). In this way, (17) can be
rewritten as

Qo = + (20)

u?(2)R"(2) = Q(2)*R(2) — 2ZieF(2)R(z)/m;  (21)
where, to make the interpretation easy, (17) was multiplied by
R(z) and divided by m;, so that the first term in the right-
hand side of (21) is (minus) the centripetal acceleration (acp)
of anion at r = R(z), and the second term is the corresponding
radial electric force (per unit mass) that points in the —r-
direction, while the left-hand side is the radial acceleration of
the plasma column (ag ). This expression, together with (12), is
very helpful to understand the plasma behavior in terms of the
experimentally determined values of F'(z) and R(z2).

In Figs. 6 and 7, the experimentally determined values of
R(z) and §2(z), the latter given by (12), are respectively shown
for B =21.7mT and B = 41.3 mT. It can be seen from Fig. 6
that the radius of the plasma column decreases as the plasma
enters the filter until it approaches the equilibrium value after
about 6 cm from the cathode. As one would expect, the column
radii are smaller the higher the magnetic field is. The generation
of rotation by the magnetic force is apparent in Fig. 7, reaching
an equilibrium rotation value in the same duct region where the
plasma radius did. Also, the rotational velocity is consistently
higher for the higher magnetic field. It is worth noting that the
constant in (12) was chosen from equilibrium values obtained
well inside the filter, and not imposing zero rotation outside the
filter.
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Fig. 8. Comparison of the different terms in the radial ion momentum (21) for
B = 41.3 mT. —acp is proportional to minus the centripetal acceleration of an
ion located at r = R(z), feo represents minus the electric force (per unit mass)
on that ion and ag represents the radial acceleration (per unit mass) of the ion.

In Fig. 8, the values of each of the terms in the right-hand side
of (21) obtained from the experimentally determined values of
R(z) and F(z), are shown as functions of d, for B = 41.3 mT.
One of them (—acp) is proportional to minus the centripetal
acceleration of an ion located at » = R(z), while the second
(fe) represents minus the electric force (per unit mass) on that
ion. For comparative purposes, the left-hand side term of the
same equation (agr) has also been represented. ag represents
the radial acceleration (per unit mass) of the ion. The values
of this last magnitude are those obtained from (21) as the
difference between the two terms in its left-hand side, since
the second spatial derivative cannot be calculated with enough
precision from the experimentally determined values of R(z).
It is seen that f, takes an almost constant value along the filter,
while —ag, is gradually increased up to its equilibrium value
after ~6 cm from the cathode. Note that in the equilibrium
zone the derived plasma column acceleration is practically
zero, consistent with a measured constant radius. A completely
similar behavior is seen in the case B = 21.7 mT.
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VI. FINAL REMARKS

From the measurements and theory presented above, one can
obtain the following picture of the plasma dynamics. As the
plasma approaches the filter, a rotational motion is gradually
generated by the magnetic force. In contrast, the radial electric
force is already present and, quite remarkably, of a rather
constant magnitude at the plasma edge r = R(z) (remember
that R(z) changes appreciably with z). The radial acceleration
of the plasma column is thus generated by this unbalance
until enough rotation is generated to achieve equilibrium with
R(z) = const. This equilibrium is of the rigid rotor type as was
discussed in [6].

The plasma behavior is similar for the two investigated
B values, for which the electrons are strongly magnetized
while the ions are not. In both cases, the plasma reaches its
equilibrium values at practically the same distance from the
cathode. When comparing these equilibrium values for the
cases with B = 21.7 mT and B = 41.3 mT, it can be seen
that for the higher magnetic field, the angular velocity is about
15% bigger and the radius about 5% smaller. The electric field
at the plasma equilibrium radius is about 10* V/m for B =
21.7 mT and 1.2 x 10® V/m for B = 41.3 mT. Even though
these variations were in the expected direction, in the sense that
a higher magnetic field leads to a more confined plasma, it is
not worth for practical applications to double the magnetic field
to obtain only a 5% reduction in the radius, which could be
desirable to reduce the losses to the filter wall and/or to have
a better ratio of the plasma to microdroplets. Another point
to mention is that supersonic (high energy) ions that enter the
filter are not slowed down along the filter, and so the filter does
not affect the compactness of the coating. It can be seen in
[6, Fig. 9] that for B values between 20 and 45 mT, R
does not present a significant variation. For magnetic fields
below this range, not enough rotation is generated and the
radial electric field is too small to produce confinement. Due
to technical limitations, in this paper, magnetic fields higher
than 45 mT were not investigated but it appears that little
modifications in the quoted picture would appear at least for
B values below the levels required to magnetize the ions.
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