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Abstract

CrossMark

High throughput plasma mass separation requires rotation control in a high density multi-
species plasmas. A preliminary mass separation device based on a helicon plasma operating
in gas mixtures and featuring concentric biasable ring electrodes is introduced. Plasma profile
shows strong response to electrode biasing. In light of floating potential measurements, the
density response is interpreted as the consequence of a reshaping of the radial electric field

in the plasma. This field can be made confining or de-confining depending on the imposed
potential at the electrodes, in a way which is consistent with single particle orbit radial
stability. Concurrent spatially resolved spectroscopic measurements suggest ion separation,
with heavy to light ion emission line ratio increasing with radius when a specific potential

gradient is applied to the electrodes.

Keywords: differential confinement, electrode biasing, helicon source, plasma mass filtering,

plasma rotation

(Some figures may appear in colour only in the online journal)

1. Introduction

The potential of plasmas to separate elements based on their
mass has long been recognized, as illustrated by the develop-
ment of the Calutron device [1] during the Manhattan project.
Following these initial developments, the unique capabilities
of rotating plasma configurations were quickly identified [2].
For instance, plasma centrifuges can operate at larger rotation
speeds than their gaseous or liquid counterparts thanks to their
ability to operate without moving parts. These larger rotation
speeds offer in turn higher separation factor and larger pro-
cessing rates [3].

Although most of the research conducted in this field has
been dedicated to isotope separation [4-6], plasma based
mass separation has recently been proposed for new applica-
tions, such as nuclear waste remediation [7, 8] and nuclear
spent fuel reprocessing [9, 10]. These new applications differ
from isotope separation in that the mass difference between
the elements to be separated is large, typically a few tens of
atomic mass units or more. This larger mass difference allows
in principle for larger throughputs or processing rates. In this

0963-0252/16/035024+11$33.00

context, three different high throughput mass filter concepts
based on rotating plasma configurations have been proposed
[11-13]. In these filters, separation is achieved either through
the existence of a mass dependent maximum rotation velocity
for particle confinement [11], by balancing centrifugal and
magnetic forces in an asymmetric device [12, 14], or by cre-
ating mass dependent ion trapping potential wells at different
radii through sheared rotation [13].

Three common core capabilities can be identified for these
three concepts. First, high throughput processing demands
high density plasmas (10'-10'" m~—3). Second, separation
implies multiple species, so that the plasma source must
handle complex plasma compositions. Third, rotation based
separation requires means for plasma rotation control.

The proposed high density plasma source for these applica-
tions is a helicon source, which routinely produces plasmas in
pure argon with densities equal of greater than 10'° m~3, and
that both with spiral [15] and helical [16] antennas. However,
although helicon discharges in gas mixtures have been studied
[17, 18], high density operation with complex plasma compo-
sitions remains to be demonstrated.

© 2016 IOP Publishing Ltd  Printed in the UK
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While other control means could be considered, such as
waves [19], the conceptually simplest technique for plasma
rotation control is electrode biasing. With a few exceptions,
most of the biasing experiments in linear devices were aimed
at fluctuation and transport control or suppression [20-24].
For such applications, the focus is on the efficiency of biasing
for fluctuation control rather than on the ability to shape the
potential profile. Nevertheless, modifications of the plasma
profile through biasing were clearly demonstrated in this
process, both in DC discharges [23, 24] and RF plasmas
[21, 22]. In addition, concurrent plasma rotation informa-
tion obtained by means of Mach probe measurements, when
available, shows strong response to biasing. However, rota-
tion control requires the ability not only to affect the radial
potential profile, but to control it. In this regard, the ability
to control the radial potential slope has been demonstrated
using multiple electrodes at lower density (10'7 m~3) in an
ECR plasma [25, 26].

Previous efforts aimed at demonstrating mass separation
capabilities in crossed field configurations were conducted in
a low density (10'® m~?), single ion species, helicon plasma
[27]. Besides, this study mainly focused on how a single posi-
tive bias at the end of the plasma affects the plasma poten-
tial and plasma rotation, and did not and attempt to impose
a radial potential profile on the electrodes. However, plasma
rotation response to biasing is shown to exhibit different traits
depending on the plasma composition (pure argon or pure
Xenon).

In this paper, we present the results of a preliminary invest-
igation of a high throughput plasma mass filter concept devel-
opment experiment. Note that mass separation in rotating
plasma is a form of what might be called differential magnetic
confinement, since certain mass ions need to be confined in
magnetic fields, while other ions need to be extracted. The
fundamental scientific issues of ‘magnetic confinement’ are
all present, such as transport and stability, but the generaliza-
tion of these issues to differential confinement reposes these
issues in a new and even more basic context. Thus, while the
study here is preliminary in nature, the set-up of rotation in
a high-density multi-species helicon plasma, including the
physics of intrinsic and forced rotation, addresses in the end
the key scientific issues and key phenomenology of differ-
ential confinement effects in rotating plasma.

Due to the preliminary nature of this study, the available
diagnostics provide only partial plasma characterization. As a
result, any interpretations of the results reported here are simi-
larly preliminary. Despite the limitations in the data, to the
extent that typical plasma parameters in helicon plasmas may
be assumed to be present here as well, these results do sug-
gest, even if only in a preliminary way, differential confine-
ment effects in a rotating plasma. Of course, further plasma
characterization will be required to confirm the suggested
effects.

The paper is organized as follows: in section 2, the pre-
liminary device for high throughput plasma mass separation is
introduced, along with the available diagnostics. In section 3,
characteristics of the intrinsic rotation observed in this device
are reported and analyzed. In section 4, plasma properties

response to electrode biasing is discussed, and some expla-
nations are proposed for the observed trends. In section 5,
preliminary spatially resolved spectroscopic measurements
suggesting ion separation are presented. In section 6, the main
findings are summarized.

2. The plasma mass filter experiment

The plasma mass filter experiment (PMFX) setup is shown in
figure 1. This setup is adapted from the spiral antenna hel-
icon high intensity background (SAHHIB) experiment [28],
which was previously built and used for the development of
motional stark effect (MSE) with laser induced fluorescence
(LIF) plasma diagnostic [29, 30]. The PMFx chamber used for
these investigations is made of two distinct parts: a 30cm in
radius, 50 cm long main chamber where the plasma is formed,
and a smaller, 7.3 cm in radius, 40 cm long secondary chamber
in which the plasma expands. The vacuum vessel is pumped
by a combination of a Pfeiffer TPU-200 turbo-pump (200L s~
pumping speed) and a Leybold Heraeus TriVac roughing
pump, offering a base pressure of about 10~ Torr. Two dis-
tinct gas input lines are connected to the main chamber in the
machine mid-plane. One is at the edge of the machine (r ~ 30
cm), while the other one is inserted in the chamber and can be
moved closer to axis. Pressure is measured using a combina-
tion of capacitive and ion gauges. Two set of 5 large, water
cooled, coils, distant by 18.5cm, create the axial magnetic
field. In the current setup, the two coils closest to the antenna
(left in figure 1) are left unpowered, whereas the other 8 coils
are connected in series. A DC power supply (EMHP 60-500)
provides a current Z. up to 500 A. On-axis axial magnetic field
values obtained for 300 and 500 A are respectively 580 G to
950 G in the central region. For small radii (» < 10 cm), axial
field intensity variations are limited in between the coils, but
becomes significant in regions outside of each coils set.

An Axcelis RF power supply delivering up to 1 kW at
13.56 MHz is used for plasma generation in PMFX. In contrast
with most helicon sources which use saddle antennas, the RF
energy is coupled to the plasma using a m = 0 planar spiral
antenna [31]. The 6cm radius spiral antenna is positioned
behind a quartz window, perpendicular to the machine axis.
Another peculiarity of PMFX is that, as opposed to other hel-
icon experiments where the plasma expands from the source
to a larger chamber (for example Cspx [32], HelCat [33],
HEevLIX-LE1A [34]), the secondary chamber is smaller, and, in
some sense, plays the role of limiter. Various gases have been
tested, with successful helicon modes (n > 10" cm™) in Ar
and Kr, as well as various gas mixtures (Ne/Ar, No/Ar, Ar/Kr)
in various ratios. The machine can be operated continuously
for about 30 min at a time, after which it has to be stopped in
order for the vacuum vessel to cool down.

At the other end of the device, a set of three concentric
ring electrodes faces the plasma. These three electrodes can be
brought closer or moved further away from the antenna. Each
of these electrodes can be biased independently with respect
to the machine, and is powered using of a Lambda Genesys
100V/33 A DC power supply. The central electrodes is 1cm
in radius and is covered by a 3mm thick dielectric layer.
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Figure 1. Sketch of the experimental setup. Details of the three concentric ring electrodes are given to scale in the upper right corner
in figure (a). (a) Cut view in the (7, z) plane. (b) Magnetic field map at Z. = 500 A. Red lines represent the field lines intercepting the
electrodes. Mid-plane is at z = 0, electrodes are at z = 487 mm, and the antenna is at z = —243 mm.

The inner and outer electrodes are respectively 2.5cm and
5.7cm in radius, 1.25 cm thick, and covered inside and outside
with a 3 mm thick dielectric layer. For biasing experiments, the
electrodes are located 73 cm from the antenna. Electrodes can
be removed from the device to allow for fast camera imaging
of the plasma along the discharge axis. Images are acquired
with a128 x 128 pixel resolution at a rate of 26 143 frames s~
using a Phantom v7 camera. A narrow band optical filter cen-
tered on 488 nm (Ar II) is installed in front of the camera. In
this setup, the obtained images correspond to measurements
integrated along the line of sight.

A dual tip Langmuir probe is used to measure simultane-
ously the floating potential and plasma density. The probe is
mounted on a translation stage to obtain radial profiles in the
machine mid-plane between the coils. The probe tips are made
of Tungsten and are 150 ym in radius and 10mm long. One
tip of the probe is floating and is used to measure the floating
potential, while the other one is biased negatively (—25V)

to measure the ion saturation current f. Although a voltage
ramp can in principle be applied to the biased tip to record
the I(V) curve, the lack of RF compensation [35] capabili-
ties of our probe would cast doubt upon the validity of any
electron temperature estimate obtained from such /(V) charac-
teristic. As a matter of fact, spuriously high electron temper-
ature estimates in helicon discharges have been traced back
to inadequate RF compensation [36]. Rather than introducing
unreliable data as input into our analysis, a uniform electron
temperature T, = 3 eV is used in this study, and the possible
consequences of this assumption on the results interpretation
are analyzed. However, it is worth noting here that this 7,
estimate is chosen as an average based on the radial profile
measurements reported in the literature for similar helicon
discharges (e.g. [37, 38]), and relies upon the large consensus
on the typical range for the electron temperature in helicon
devices. The ion saturation measurement [ is then used to
infer the local density assuming Bohm ion current [39]
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where n; is the ion density, Aprobe 1S the probe collecting area
and e is the elementary charge. Although available data sug-
gest limited electron temperature variations along the radial
direction (see, e.g. [37, 38, 40]), such T, variations would be
interpreted here as density variations. However, variations of
T. in the plasma core within roughly a factor 2, as reported
in the literature, would lead to density variations of 40% at
most. In addition, the 0.6 pre-factor used in equation (1) is
an approximation, and could vary by +30% depending on the
operating conditions, in particular neutral pressure and input
power. This pre-factor is however expected to show very weak
radial dependency, so that density profiles can be qualita-
tively compared one to another. Signals are recorded using a
NI-6212 acquisition card, with sampling rates of 0.4 and
20 kS s~!. The Langmuir probe motion control and acqui-
sition is automated using a python script. For some biasing
conditions, the insertion of the probe within the plasma core
(brightest central region) leads to a collapse of the plasma,
accompanied by a large drop in density. The plasma core usu-
ally recovers as the probe is pulled out. More generally, it is
not uncommon for the operating parameters to vary slightly as
the probe is scanned radially. These variations suggest plasma
perturbation by the probe.

A movable fiber optic cable and lens are used to capture
light emission along a chord of the device. This signal is then
sent to an ocean optics USB2000 spectrometer. In addition, a
residual gas analyzer (RGA) is used to analyze the gas compo-
sition as sampled from two different locations in the machine.
One sampling location is on a radial port in the machine mid-
plane, while the other is on a radial port in the secondary
chamber, close to the electrodes.

3. Intrinsic rotation

Intrinsic rotation is a relatively common feature in high den-
sity helicon discharges [21, 37, 40—42], and is observed in
PMFX. Results of fast camera imaging in pure argon, obtained
along the discharge axis when electrodes were removed, are
shown in figure 2. At 3 mTorr, a m = 2 mode rotating in the
clockwise direction, i.e. the ion diamagnetic direction, is
clearly visible and stable over a few periods. Observation of
rotation in the ion diamagnetic direction is consistent with
previous results reported in helicon discharges (e.g. [37, 43]).
In some cases, this feature was specific to the core region at
high field [44]. Similar rotation direction has been observed
when a limiter is applied to a DC magnetized plasma column
[23, 24]. The rotation frequency in these conditions is esti-
mated to be about 2.1kHz (about 12—13 frames per rotation
at 26 143 frames s’l), which, again, is comparable to previ-
ously reported values [37]. Assuming visible light intensity
is proportional to ion saturation current [38, 45, 46], and that
electron temperature variations across the plasma column are
limited, fast camera imaging offers indirect information on
the plasma density profile. Results obtained at low pressure
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Figure 2. Frames sequence (left to right and top to bottom, false
colors) illustrating intrinsic rotation in pure Ar at 3 mTorr (a) and

5 mTorr (b). Rotation frequency is about 2.5kHz. Light emission
seems to indicate a hollow density profile for the low-pressure case.
On-axis field B ~ 580 G and input RF power is 800 W. Frame

rate is 26 143 frames s~'. Maximum intensity is different in the
two cases.

(3 mTorr Ar) and depicted in figure 2(a) suggest a hollow
profile. Experiments carried out at higher pressure (5 mTorr
Ar) indicate a profile peaked on axis, as shown in figure 2(b).
The observation of such rotating structures is consistent with
intrinsic rotation in high density helicon discharges (see, e.g.
[37, 38, 40, 44, 45]).

A more quantitative picture of the plasma rotation can be
obtained by tracking light intensity variations along the azi-
muthal direction. For this purpose, the camera field of view
is re-mapped to polar coordinates. The origin of the polar
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Figure 3. Time evolution of the light intensity along the azimuthal
direction. Line integrated light intensity is summed on the shell

15 mm < r < 20 mm. The dashed red lines highlight the trajectory
in the (©,1) space of the three azimuthal maxima over one period.
Operating conditions: 5 mTorr Ar, on-axis field B ~ 580 G and
800W.

coordinates system is found by computing the weight average
center as obtained by stacking a large number (~ 500) of
frames. Light emission as a function of the azimuthal angle
O can then be plotted within a given shell r; < r < r,. For a
discharge in pure argon at 5 mTorr, the result computed for
15 mm <7< 20 mm is plotted in figure 3. Similar patterns
are obtained for 7.5 mm < r <35 mm. For these conditions,
a m =3 mode is observed as indicated by the three local
maxima at any given time. This mode is stable over hundreds
of periods. The fact that the light intensity of these maxima is
not constant over the full 27 angle comes from the fact that the
emission iso-contours are not strictly circular, but ellipsoid.
A possible explanation for this feature might be the alignment
of the spiral antenna with the magnetic coils. From the typical
azimuthal revolution of these maxima, as highlighted in red in
figure 3, the rotation frequency is 2.6 kHz.

A confirmation of this result is obtained by computing the
time evolution of the light intensity fluctuations about the
mean value (averaged over time) at a given azimuthal location.
For this purpose, the azimuth angle is divided into 50 bins,
and pixel information is averaged in each bin. The frequency
response in any of these azimuthal bin can then be obtained as
a function of the radial position, as depicted in figure 4. The
power density shows a maximum for f~ 8.1 kHz. Based on a
m = 3 mode such as identified above, this yields f~ 2.7 kHz.
Additionally, the FFT indicates that the rotation frequency
of this m = 3 mode is constant across the plasma radius, or,
in other words, that this mode features solid body rotation.
Finally, a lower amplitude mode, localized around r = 1.5cm,
is visible in the same figure.

Unfortunately, Langmuir probe measurements could not
be carried out simultaneously with fast camera imaging along
the discharge axis. However, Langmuir probe measurements
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Figure 4. Space resolved light intensity fluctuation FFT spectra
(log;y). The m = 3 mode at 2.7kHz (peak at 8.1kHz) is seen across
most or the plasma radius. Operating conditions: 5 mTorr Ar,
on-axis field B ~ 580 G and 800 W.

were taken for similar discharge conditions (pure Argon at
5 mTorr, on-axis magnetic field B ~ 580 G), but with the ring
electrodes in the chamber. Although the electrodes were in
this case unpowered, their presence in the chamber could pos-
sibly alter the plasma properties by modifying the boundary
conditions. The density and floating potential profile meas-
ured in these conditions are plotted in figure 5. Because of
the inability to measure the electron temperature radial pro-
file, the radial electric field in the mid-plane is unknown.
However, relying on the limited 7, radial variations reported
in similar helicon sources [37, 38, 40], the floating potential
gradient can be used, in first approximation, as a proxy to the
plasma potential gradient. Under this assumption, the nega-
tive potential gradient observed in the core is consistent with
the rotation direction deduced from fast camera imaging.
Quantitatively, the positive electric field in this region leads
to rotation frequencies f5, 5 ~ E\/(rB;) of the order of 10kHz.
Since the potential decreases almost linearly in this region,
the rotation frequency scales with 1/r to the first order. This
10kHz estimate is about three times the solid-body rotation
frequency inferred from the fast camera data. The difference
between these two values might be explained in part by the
diamagnetic drift, which goes against the E x B rotation in
the region exhibiting a negative potential gradient. However,
the corresponding frequency

kTt on
27reB ndr’

with e the elementary charge, B the magnetic field intensity
and r the radial coordinate, is about an order of magnitude
lower, and hence can not fully explain the observed difference.

Moving to the positive potential gradient region (r = 30 mm
in figure 5), both the E x B drift and the diamagnetic drift are
in the electron diamagnetic direction. Although the intensity
of the m = 3 rotation mode analyzed above seems to decrease

fr= @)
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Figure 5. Density and floating potential radial profiles obtained in
Ar at 5 mTorr, on-axis field B ~ 580 G and 800'W.

past 30 mm, no rotation in the electron diamagnetic direction
was observed with the fast camera. While this difference might
be the consequence of the presence of the electrodes in the
chamber, another explanation is the following one. Positive
potential gradient is observed in the machine-mid-plane for
r > 30mm. However, because of the magnetic field diver-
gence, the plasma is expected to expand as we move away
from the mid-plane. Quantitatively, for an on-axis magnetic
field B ~ 580 G (coil current Z. = 300 A), the surface of con-
stant |B| having a radius » = 30 mm in the mid-plane will have
a radius » =48 mm about 50cm away from the mid-plane,
and already r = 35 mm at the axial location where the source
chamber joints the smaller secondary chamber (limiter). For
this reason, the rotation in the electron diamagnetic (positive)
direction might not be observed far away from the mid-plane
at radii visible in the camera field of view (+ < 50 mm). Since
the fast-camera data is integrated along the whole length of the
plasma, and that a significant fraction of the plasma length is
in the secondary chamber away from the machine mid-plane,
the positive rotation from the machine mid-plane at large radii
might be averaged out by negative rotation information seen
further away from the machine mid-plane along the line of
sight.

4. Plasma response to biasing

For the remaining of this study, the electrodes are located as
far back as possible, that is to say 73cm from the antenna.
Additional experiments were performed with electrodes
closer to the antenna, but maintaining a high density helicon
discharge while biasing generally proved to be much more
difficult in these conditions. Since our underlying objective
is to evaluate mass separation effects in a rotating plasma,
biasing experiments are carried out in a gas mixture. Although

Table 1. Typical plasma properties in PMFx without bias for
5 mTorr Ar, 1 mTorr Kr gas composition, on-axis field B ~ 950 G
and 800 W of RF power.

Property Value

Density (m %) 10"
Ionization fraction 0.1

Ion Larmor radius p; (mm) 1-10
Electron gyro-frequency 2. (GHz) 25
Ion gyro-frequency €); (kHz) 17-36

Note: Ton Larmor radius is obtained for Ar™ and Kr™ and 0.03 < 7,<0.1eV.

Table 2. Typical interaction frequencies for 5 mTorr Ar, 1 mTorr Kr
gas composition, on-axis field B ~ 950 G and 800 W of RF power.

Interaction Frequency (Hz)
Electron-neutral collision Ven ~ 107
Ton-neutral collision Vin ~ 1-3 10°
Electron-ion collision Vei ~ 108

various gas mixtures (Ne/Ar, No/Ar, Ar/Kr), and species ratio,
were tested, a S mTorr Ar, 1 mTorr Kr gas composition is used
here. Typical plasma parameters obtained in these conditions
are summarized in tables 1 and 2.

When the discharge gas consists of two gas species o and
3, the Bohm current contains two unknowns n;, and n;;, and

My

n;, nj,
Ly = Igohm = 0.66\/ kﬂ:[ S + FJQ}APMIDC’ 3)

with n;, + n;; = n.. The relative abundance of the two ion
species depends on the local plasma properties. A rough esti-
mate of this ratio for the gas mixture considered here can
be obtained using the model proposed by Bai er al [47]. In
this model, the relative abundance is dictated by the elec-
tron temperature, the gases relative partial pressures, and the
ionization rate of each species. Using typical ionization cross
sections for Ar and Kr [48], and the gas mixture considered
here, (n;,,, n;,) varies from (0.6, 0.4) for 7. = 3 eV to (0.75,
0.25) for T, = 10 eV. Since the existing diagnostics do not
provide an accurate measurement of the electron temperature,
an average mixture species n;, /n;, = 0.7/0.3 is used to com-
pute n; from equation (3). This assumption, together with the
assumption of ions entering the sheath at the species sound
speed, could lead to small errors in density measurements.
Quantitatively, the choice of a 0.7/0.3 mixture species leads to
a 7% increase in saturation current compared to a 0.5/0.5 mix.
However, it is worth noting here that the interest for biasing
studies lies in the response of the density profile to electrode
bias variations, rather than in the absolute density value. For
this reason, uncertainties in measurements that are constant
across the plasma column should be of relatively limited con-
cern in our analysis.

The subset of biasing conditions analyzed in this paper are
summarized in table 3. Density and floating potential profiles
obtained for these biasing conditions are plotted in figure 6.
The electrodes are biased with respect to the machine, and
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Table 3. Various biasing cases used in a Ar/Kr mixture (5 mTorr Ar,
1 mTorr Kr), on-axis field B ~ 950 G and 800 W. V;, V, and V3 are
the biases respectively applied, with respect to the machine, to the
central, the inner and the outer electrode (see figure 1).

Case A B C D & F
Central electrode Vi (V) -  —10 —10 —20 0 15
Inner electrode V, (V) 0 0 0 0 0 0
Outer electrode V3 (V) - 0 10 15 —-25 -25

Note: A ‘-’ sign means an unpowered electrode.
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Figure 6. Density and floating potential radial profiles obtained
with electrode biasing in a Ar/Kr mixture (5 mTorr Ar, 1 mTorr
Kr), on-axis field B ~ 950 G and 800W. Vi, V, and V3 are the
biases respectively applied to the central, the inner and the outer
electrode (see figure 1). A ‘-’ sign means an unpowered electrode.
The vertical dashed lines in the lower figure represents the radial
coordinates of the three electrodes projected along the field lines.

the inner electrode is grounded. Current drawn at the central
and outer electrodes seems to follow the density profile, and
varies from 0.5 to almost 2 A depending on the biases. A 1 A
current is equivalent to current densities j, ~ 1500 A m~2
and j, ~400 A m~2 on the central and outer electrodes,
respectively. Assuming an ion thermal speed v;, ~ 750 m s~
(equivalent to 7; ~ 0.1 eV for Ar), these current densities corre-
spond to ion densities n; = j(ev;,)"! of respectively 1.25 10~
and 3.7 10" m~3. Such values are consistent with the densi-
ties inferred from Langmuir probe measurements. The data
corresponding to case 15 and r < 15 mm is unfortunately not
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Figure 7. Floating potential radial profile in the core region along
with the potential profile applied at the electrodes for various
biasing cases (see table 3). As highlighted by the grey box, floating
potential increases in the region localized between the inner and
outer electrodes when a positive potential gradient is applied
between these same electrodes.

available due to a core collapse triggered by bringing the
probe in this region. This core collapse led to a sudden change
in plasma parameters, and in particular a large density drop.

Comparing the density profiles in figure 6, the first obser-
vation is that the density on-axis is enhanced when a positive
potential gradient is imposed on the electrodes (cases C and
D). Conversely, the density on-axis decreases when a negative
potential gradient is imposed on the electrodes (cases £ and
JF). In addition, on-axis density enhancement is associated
with a narrower density profile (cases BB, C and D), whereas
an off-axis maximum is formed as the density on-axis falls
off, leading to a hollow, and much broader, profile (cases £
and F). This limited set of biasing conditions is however not
sufficient to determine whether the plasma response is mainly
dictated by the potential gradient imposed between the cen-
tral and inner electrodes, or between the inner and outer elec-
trodes, or simply by the overall gradient.

Turning now to the floating potential, plotted in the lower
half of figure 6, one sees that the general profile differs from
the pure Ar case, obtained for a weaker magnetic field plotted
in figure 5 (on-axis magnetic field of about 580 G instead of
950 G). The potential gradient past the expected zone of influ-
ence for the outer electrode (r 2 45 mm) is quite similar for all
biases imposed on the three electrodes, and does not show the
positive gradient at larger radius seen in figure 5. In the region
where a direct influence of the electrodes is expected (r < 45
mm in the machine mid-plane), a more careful examination
reveals two different behaviors, as highlighted in figure 7.
On one hand, cases C and D feature a double hump profile,
with a local minimum between the inner and outer electrodes,
and maxima on axis and close to the outer electrode. On the
other hand, cases £ and F show a single hump, with a maximum
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between the inner and outer electrodes, and a local minimum
on axis. In other words, when a positive gradient is applied
between the inner and outer electrodes (cases C and D), a posi-
tive floating potential gradient is observed in the plasma in
the region between this electrodes. Conversely, when a neg-
ative potential gradient (cases £ and F) is applied between
this same electrodes, a negative floating potential gradient
is observed in the plasma. Finally, when a zero gradient is
applied between the inner and outer electrodes (case 5), the
floating potential remains close to constant over a large frac-
tion of the corresponding plasma region. No similar pattern
can be seen for the bias applied between the central and the
inner electrodes.

Although the sign of the floating potential gradient appear
to be affected by the electrodes, at least in the region between
the inner and outer electrodes, the floating potential values
measured differ significantly from the ones applied on the
electrodes. This is particularly true for the floating potential
values measured on axis. For example, central electrodes
biases of —20 and 15V both lead to measured floating poten-
tial of about 13—-15V, while biases of —10 and OV on this same
electrode lead to on-axis floating potentials of about 8-10V.
Two possible explanations can be proposed for this behavior.
The first possibility is a perturbation of the plasma due to the
presence of the probe, as mentioned in section 2. It stands to
reason that this disturbance would be maximal on axis, since
this is the position for which the support of the probe pro-
trudes into the plasma the most probe. The second possibility
is the presence of the quartz window facing the biasing elec-
trodes. Most biasing experiments featuring helicon plasmas
(with the exception of the work done by Shinohara’s group
[27, 49, 50]) rely on cylindrically shaped antennas that sur-
round the plasma, so that the boundary conditions at both end
of the device can be controlled. In PMFX, termination on the
magnetic field lines on the quartz window on the antenna side
(see figure 1) is likely to modify the plasma response. In this
configuration, the potential along a field line is not tied to two
electrodes with well defined potential, but to one electrode
on one side, and to a surface of which the electric potential
depends on the plasma parameters.

While a better understanding of the floating potential
distribution along the field lines is a clear prerequisite for
effective plasma rotation control and, in turn, mass separa-
tion, it appears that some traits of the plasma density profile
response to biasing can already be identified as follows. When
a positive potential gradient is applied on the electrodes, an
enhancement of the density is observed on axis, with a larger
density gradient. Simultaneously, a positive floating potential
gradient Vyis observed in the plasma at a radius matching the
one of the biased electrodes.

Assuming the plasma potential gradient sign will remain
identical to the one of V (this would be the case for limited 7,
variations across the plasma column), the density increase on
axis can be explained in terms of the negative radial electric
field E, formed locally in the plasma. Conversely, the plasma
hollowness and larger radial extent observed when a nega-
tive potential gradient is imposed at the electrodes could be
explained as the consequence of the positive radial electric

. Vacuum
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Line of
sight

i Focuser

Optical
fiber

Spectrometer

Figure 8. Sketch of the spectroscopic diagnostic for differential
effects. Light emission, integrated along a given line of sight, is
collected and analyzed to monitor the intensity of specific Ar and
Kr ion lines as a function of the angle «.

field formed in the plasma. As a matter of fact, single particle
orbit analysis in the cross-field configuration indicates that an
ion orbit is radially unstable if E; > rB,wi/4, with w; = eB./m;
the ion cyclotron period. In this simple model, confinement is
mass dependent, and differential effects could in principle be
observed in a multi-ion species plasma such as studied here.

5. Preliminary evidence for differential effects

In order to evaluate whether the biasing effects discussed in
the previous section could manifest themselves in the form
of mass differential effects, emission spectroscopy measure-
ments were carried out. The idea is to use the ratio of specific
ion lines as a proxy for differential confinement effects. The
preliminary diagnostic used for this purpose relies on mea-
suring the intensity of various pre-identified ion emission
lines for Ar and Kr, integrated along a line of sight, as shown
in figure 8. This measurement is reproduced for various angles
« to probe the plasma along different chords. A sense of the
radial position probed for a given angle «is given in the upper
plot of figure 6, where the dotted vertical red lines represent the
radius of the chords obtained for o« = 0°, 2°, 4°, 6°. An inverse
Abel transform would allow to compare directly the ion line
emission radial profile to the density radial profile obtained
from Langmuir probe measurement. Unfortunately, since this
chord scan is done manually, the resolution is too limited to
perform a meaningful inverse Abel transform. Future experi-
ment upgrades could remedy to this limitation.

The ion lines monitored were identified in pure Ar and pure
Kr discharges, and were chosen because they are sufficiently
isolated, separated and intense. Based on these criteria, the
lines studied here are an Ar II line at 487.98 nm, and two Kr
II lines at 481.18 and 482.52nm. The intensity of the two Kr
II lines is summed and compared to the Ar II line. The evol-
ution of the intensity of the Ar II and Kr II lines as the line of
sight is shifted off-axis is shown in figure 9. The first general
observation is that the intensity decreases by over an order of
magnitude between o = 0° and « 2 5°, for all biasing cases.
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Figure 9. Line integrated line intensity as a function of the
projection angle a, i.e. different chords, for various biasing cases.
The Ar II line is at 487.98 nm; the Kr II line is at 482 nm and is the
sum of two distinct Kr II lines at 481.18 and 482.52nm.

This result is qualitatively consistent with the density profile
obtained by Langmuir probe measurements and plotted in
figure 6. Indeed, density measurements show for most cases
a decrease of the density by a factor two or more past 30 mm.
These values are consistent considering that the emission
intensity scales with the density squared. Now looking at the
different biasing cases individually, one recovers the trends
deduced from the density profile analysis. Namely, cases for
which a positive potential gradient is applied at the electrodes
(B, C and D) present a strong emission intensity peak on axis,
which quickly falls off with «. Conversely, cases for which
a negative potential gradient is imposed on the electrodes (£
and F) yields a much broader emission, and even possibly a
hollow profile (F). It is worth noting that quantitative com-
parison of the various biasing cases is not straightforward here
since one would need information on the electron temperature
T, response to biasing to backtrace density information from
relative emission intensities.

Direct comparison of line emission profiles for Ar and Kr
ions in figure 9 is difficult, and does not show clear differ-
ences. However, plotting the ratio of the Kr II line intensity
over the Ar Il line intensity as shown in figure 10, highlights an
interesting trend. For negative radial electric field set between
the inner and outer electrodes (cases C and D), the ratio of line
intensities peaks for aw = 4° and then falls-off quickly. For a
zero radial electric field between the inner and outer electrode
(case B), the behavior is qualitatively similar, but the decrease
past 4° is less pronounced. Now, when a positive radial electric
field is imposed between the inner and outer electrodes (cases
& and F), the ratio of lines intensities does not show a drop
past 4°, but rather seems to saturate between 4 and 6°.

Although these results are preliminary, and will have to be
confirmed with a larger set of measurements and improved
spatial resolution, the highlighted spectral line intensity radial
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Figure 10. Ratio of Kr ion line intensity to Ar ion line intensity as
a function of the projection angle « for various biasing cases. Ar 11
line is at 487.98 nm; Kr II line is at 482 nm and is the sum of two
distinct Kr II lines at 481.18 and 482.52nm. Error bars correspond
to a 10% total relative uncertainty, for example 5% relative
uncertainty in both the Ar and Kr ion line intensity.

profile variations with biasing point to differential confine-
ment effects. Qualitatively, a possible explanation for the
observed evolution of the ion line intensity ratio is depicted
in figure 11. When a positive radial electric field exists in the
plasma, single particle orbit theory predicts larger radial oscil-
lations for heavier particles. More specifically, ions of different
mass but same charge will display different azimuthal motion
due to the contribution of the centrifugal force to the drift
velocity. As a result, for a given initial ion temperature, heavy
ions orbit will exhibit larger radial displacements than light
ones. This is illustrated by the orbits shown in figure 11(a),
obtained for singly charged Ar and Kr ions, a magnetic field
B =950 G, a plasma radius a =10cm and radial electric field
E, = 2®yr/a® with &y = 8 and 10V the potential difference
between the core and the edge of the plasma. Here, ions are
initialized with a temperature 7; = 0.03 eV, which is repre-
sentative of the temperature of the background neutrals, and,
as a result, represents a newly created ion. Centrifugal effects
are negligible when E,/(rB) < eB/m;, but become large as the
angular drift velocity approaches the ion cyclotron frequency
(ion radial confinement is lost for E, > eB?r/(4m;)). Since the
cyclotron frequency depends on the ion mass, these effects
can be important for heavy ions (Kr), but, at the same time,
almost negligible for lighter ions (Ar™).

Averaging over the ion population, the radial displace-
ment dependance on E; would lead to a broader density pro-
file, as highlighted for Kr* ions in figure 11(b). Because of
their much smaller mass, effects on the Ar" ions are much less
pronounced, and the argon ion density profile can be in first
approximation assumed to remain unmodified. Corresponding
density ratios plotted in the lower figure show very similar
properties to the ion line intensity profile obtained from
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Figure 11. Illustration of differential confinement effects which could
explain the evolution of spectroscopic measurements with biasing.
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spectroscopic measurements. This result suggests a corre-
lation between radial separation of ion species of different
mass (Ar and Kr here) and the sign of the potential gradient
imposed at the electrodes. However, this result will have to
be analyzed in relation to the electron temperature 7. radial
profile to differentiate effects due to T spatial variations from
true differential confinement effects.

Itis worth mentioning here thatresidual gas analyzer (RGA)
measurements did not show evidence of biasing effects. More
precisely, gas composition analysis at two different locations
in the device (see figure 1) did not show relative variations
across the different elements, only global variations that
can be attributed to density variations. However, since RGA
measurements rely on neutral measurements, this inconclu-
sive result could be due to various effects, such as recycling
at the walls. In addition, since the ionization fraction is lim-
ited (~10%) and the plasma volume much smaller than the
chamber volume, any effective ion separation will be largely
washed out by the neutrals dynamics. Baffling could mitigate
these effects, and is considered for future device upgrade.

6. Summary

A preliminary experimental study aimed at demonstrating
the key components of a high throughout plasma mass filter
was carried out. In particular, the possibility to control plasma
profile and rotation in a multi ion-species, high density
(n ~ 10" m~3), helicon plasma through electrode biasing was
investigated.

Fast camera imaging of a pure Ar plasma shows intrinsic
rotation in the ion diamagnetic direction with rotation fre-
quency of 2-3kHz. Although different azimuthal mode num-
bers and density profiles are observed when varying the gas

pressure (2-6 mTorr), the rotation frequency does not vary
significantly, and the rotation direction remains unchanged.

Langmuir probe measurements demonstrate the possibility
to modify significantly the density radial profile through end-
electrode biasing. The plasma density is enhanced on-axis and
presents a stronger density gradient when a positive potential
gradient is imposed on the electrodes. Conversely, a hollow
density profile is formed when a negative potential gradient
is set on the electrodes. In parallel, floating potential profile
analysis reveals that the sign of the potential radial gradient
imposed at the electrodes is locally recovered in the plasma
in the mid-plane of the machine. With this result, the density
variations might be explained in terms of single particle orbits
and rotation stability.

Spatially resolved emission spectroscopy measurements
confirm the plasma density profile evolution with biasing
inferred from Langmuir probe measurements. Further analysis
shows possible evidence of differential confinement effects. In
a Ar/Kr plasma, the ratio of Kr ion to Ar ion line intensities
is shown to fall off off-axis when a negative radial electric
field is imposed on the electrodes, whereas this ratio remains
constant or even increases slightly in the same off-axis region
when a positive radial electric field is imposed.

While the results presented in this paper are encouraging,
unequivocal evidence of plasma mass separation resulting
from biasing controlled rotation remains to be provided. For
this purpose, proper measurements of the electron temper-
ature radial profile as well as improved spatial resolution of
the spectroscopic measurements appear highly desirable. In
addition, combining information on plasma rotation obtained
from Mach probe measurements to density and plasma poten-
tial profiles would offer more insights into the mechanism
leading to mass separation in this device.
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