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The electron cyclotron drift instability, implicated in electron heating and anomalous transport, is
detected in the plasma of a planar magnetron. Electron density fluctuations associated with the mode are
identified via an adapted coherent Thomson scattering diagnostic, under direct current and high-power
pulsed magnetron operation. Time-resolved analysis of the mode amplitude reveals that the instability,
found at MHz frequencies and millimeter scales, also exhibits a kHz-scale modulation consistent with the
observation of larger-scale plasma density nonuniformities, such as the rotating spoke. Sharply collimated
axial fluctuations observed at the magnetron axis are consistent with the presence of escaping electrons in a
region where the magnetic and electric fields are antiparallel. These results distinguish aspects of
magnetron physics from other plasma sources of similar geometry, such as the Hall thruster, and broaden

the scope of instabilities which may be considered to dictate magnetron plasma features.
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Crossed-field plasma discharges, such as Hall thrusters
and planar magnetrons, owe their operation to the confine-
ment of electrons which execute a fast (on the order of
10°-10° m/s) azimuthal drift. This drift, in the region of
the plasma with orthogonal electric and magnetic fields,
makes possible the maintenance of a large electric field for
ion acceleration and a sufficiently high ionizing collision
frequency between electrons and neutrals, even at very low
pressure. These characteristics make such devices well
suited to different applications: for the Hall thruster, highly
efficient electric propulsion, and for the magnetron,
plasma-assisted deposition with an enhanced sputtering
efficiency.

The azimuthal drift also gives rise to plasma waves such
as the electron cyclotron drift instability (ECDI), driven by
the difference in electron and ion velocities. It has been
studied in the past, in the context of collisionless shocks
and #-pinch machines, to account for anomalous cross-field
particle transport [ 1-3]. In recent years, theoretical analyses
and numerical simulations have revealed that the ECDI also
plays a role in enhancing electron current in the Hall
thruster plasma [4—6], where it is associated with a broad-
ening of the electron energy distribution functions parallel
and perpendicular to the applied magnetic field. The
mechanism for heating, while still under investigation, is
thought to be analogous to ion heating by a lower hybrid
wave, first described by Karney [7].

Experimental evidence for the presence of this instability in
the thruster plasma was provided through the development and
implementation of a coherent Thomson scattering diagnostic
known as PRopulsion Analysis eXperiments via Infrared
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Scattering [8]. In this Letter, the diagnostic implementation
has been extended to the study of unique features of a high-
impulse pulsed magnetron sputtering (HIPIMS) plasma.

From analysis of the dispersion relation for electrostatic
waves in a plasma with magnetized electrons and unmag-
netized ions [3,4], the ECDI is expected to be excited in the
vicinity of electron cyclotron resonances, i.e., for discrete
values of azimuthal wave number k,

kyvd:nwce’ (1)

where V, is the azimuthal electron drift velocity, w,, the
electron cyclotron angular frequency, and n an integer 1 or
greater. Based on the parameters typical for experiments
described in this Letter (electric field magnitude ~10*V/m,
magnetic field magnitude of 8.8 mT at the measurement
position), excited modes in the magnetron plasma are
expected at wave number values which correspond to length
scales on the order of a millimeter and below. However,
the expected cyclotron resonances can be smoothed, result-
ing in an observed mode dispersion relation which is
nondiscrete [9].

To rapidly illustrate this, linear kinetic theory results for
typical magnetron parameters (given in the figure caption)
for an argon plasma are shown in Fig. 1. The dashed line
shows the dispersion relation (f, k,) when the axial (k,) and
radial (k,) wave numbers are set to zero. The mode is
excited at discrete k, values. The full line shows, on the
other hand, the dispersion relation obtained for k, = 0 and
k, = 1000 rad/m. The inclusion of the radial wave vector
component (a more realistic representation of the mode
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FIG. 1. Dispersion relation results from linear kinetic theory,
showing ECDI resonances (dashed line) and smoothed resonan-
ces (solid line). In this example, n, = 10'® m=3, V,,/V, = 0.64,
and o /®,, = 0.027.n,, V,, and ®,, are the electron density,
electron thermal velocity, and electron plasma frequency,
respectively.

propagation) smoothes the resonances. The resulting
dispersion relation is linear and the corresponding mode
group velocity is 2.5 km/s.

In our experiment, correlated electron density fluctua-
tions are measured at length scales and orientations which
are set using two laser beams. The plasma-scattered signal
is rendered measurable by the use of a heterodyne detection
scheme. This scheme involves interference of the plasma-
scattered radiation with a reference (local oscillator) beam
shifted in frequency with respect to the main (primary)
beam. This primary beam is used to increase the scattered
signal amplitude to a measurable level and define the
properties of the observation wave vector k (magnitude and
directivity) relative to the local oscillator. The diagnostic
uses a 10.6 ym CO, continuous laser of about 40 W power
(with 1% of the initial power used to construct the local
oscillator). The beam waist in the observation region
is 3.6 mm.

The planar magnetron used in experiments is operated
with a 10 cm-diameter titanium cathode and run in dc and
pulsed excitation regimes with argon as a working gas; a
detailed description of the source and chamber is provided
elsewhere [10]. The magnetic field is radial and is set using
concentric permanent magnets (a cylindrical magnet at the
cathode center and an annular magnet at the outer edge of
the cathode). At the center of the cathode, the magnetic
field is normal to the cathode surface [Fig. 2(b)].

The following coordinate system is used. As shown in
Fig. 2, x is the horizontal axis, pointing outwards
perpendicular to the cathode along —E, z is aligned with
B, with the magnetic field directed radially outwards, and y
is the vertical axis pointing in the same direction as the
ExB drift at the 09h00 position on the cathode.
Observations are performed at a fixed arbitrary axial
distance d of 14 mm from the cathode surface, probing
the plasma volume situated along the cathode center.

The diagnostic allows the magnitude of k£ and its

orientation in the (E, E X B) plane to be varied. a increases
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FIG. 2 (color online).

k from the incident Iz,» and scattered wave vectors k} The gray
region is the observation volume formed by the local oscillator
and primary beam intersection. (b) A view of the observation
wave vector orientation angle a and positioning at a distance d
from the cathode surface. Magnets behind the cathode and typical
magnetic field lines (in blue) are shown.

(a) Definition of observation wave vector

from a value of 0° on the x axis in the anticlockwise
direction. To vary a, on the bench, the primary beam is
directed onto a pair of mirrors mounted on a rotation stage.
The stage is manually rotated (with respect to a fixed local
oscillator) such that the resulting primary beam angle in the

(E, E x B) plane in front of the cathode changes. The
observation wave numbers used in the following experi-
ments range from about 5500 to 9000 rad/m, i.e., obser-
vation length scales between 1.14 and 0.70 mm. The angle
0, between the local oscillator and primary beams, is a few
milliradians in experiments, with the observation volume
length consequently traversing the entire cathode. For the
sake of visibility, 8 is not to scale in Fig. 2.

The signal recovered from the detector is the time series
of two channels in phase quadrature which are used to
reconstruct the complex scattered signal. These signals are
recorded using a 14-bit GaGe® acquisition card at a
frequency of 100 MHz and a 6.5 x 10° sample depth
per channel. In the pulsed regimes, the start of signal
acquisition triggers the start of plasma pulsing within a gate
of 65 ms (the scattered signal acquisition duration).
Simultaneous recordings of the discharge current 7/, and
discharge voltage U, are triggered on an oscilloscope.

To improve the signal to noise ratio in HIPIMS excitation
regimes, fast Fourier transform (FFT) analysis is performed
only on segments of the scattered signal coinciding with
periods during which the plasma is present. These spectra
are then averaged.

Figure 3 shows the fast Fourier transform of the complex
signal time series in two cases for a HIPIMS regime. Pulses
are generated with a 100 us width and period of 3 ms.

In this figure, the black line corresponds to a spectrum
obtained when only the local oscillator crosses the plasma
(the photonic noise signal). When the primary beam is
allowed to traverse the plasma (necessary for defining the
observation wave vector and for signal detection), the
profile obtained is that shown on the blue line. Broad
frequency peaks associated with the scattered signal are
visible around =1 MHz.
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FIG. 3 (color online). FFT of signal time series for a pulsed-
operation experiment. Broad frequency peaks around +1 MHz
are visible on the blue line. The black line is a plot of the photonic
noise signal. HIPIMS: peak U, =504 V, peak [, = 8.6 A,
P = 15 mTorr; a = 100°, k = 5600 rad/m.

On the blue line [recorded at a near-azimuthal observa-
tion angle a of 100° see Fig. 2(b)], the positive peak
corresponds to an observation wave vector aligned with the
direction of the azimuthal drift. The main azimuthal
electron drift is clockwise, meaning that this peak then
corresponds to the 09h00 position on the cathode, indicated
in Fig. 2(a) (facing the cathode). The negative peak
corresponds to the observation of fluctuations at the
03h00 channel, where the main azimuthal drift is now
antiparallel to the observation wave vector.

Additional spectra [(i) detector closed and (ii) no plasma,
local oscillator and primary beams present] are also used to
calculate a frequency spectrum which gives an absolute
measure of the amplitude of the scattered signal [11]. This
spectrum is scaled against several experiment parameters
including the laser power, beam waist, and detector
efficiency, and is referred to as the dynamic form factor
S(k,w) (units of s7!). S(k,w) is integrated over the
frequency range in which the signal of interest is present
to give the unitless, absolute form factor S(k) describing the
intensity of the density fluctuations at a given wave number
and frequency.

The observation length scale is varied and the positive
signal peak frequencies at each wave number value are
determined to construct the mode dispersion relation.
Typical results are shown in Fig. 4 for different dc and
HIPIMS excitation regimes. The frequencies shown cor-
respond to the mean peak frequencies deduced from a
Gaussian fit to the normalized signal profiles at the different
wave numbers. Experimental conditions are given in the
figure caption, with the HIPIMS experiment performed
with a pulse period and width of 16 ms and 400 pus,
respectively. The observation angles for both experiments
are near the azimuthal direction.

A best-fit line through the points shown on Fig. 4 for the
dc and HIPIMS experiments gives mode group velocities
on the same order (respectively, 1.93 and 1.68 km/s) as
those observed in a Hall thruster [8]. Error bar lengths
shown in Fig. 4 correspond to the Gaussian peak widths.

The instability propagates azimuthally, however, it is
visible within a broad angular range in the (E, E x B)
plane, as illustrated by Fig. 5.

‘Wave number (rad/m)

FIG. 4 (color online). Examples of the azimuthal mode
dispersion relations, determined in dc (triangles) and HIPIMS
(circles) regimes. dc: U, = 388 V, 1, = 0.5 A, P = 22.5 mTorr;
a=85° HIPIMS: peak U, =575V, peak [I;=22A,
P = 15 mTorr; a = 100°.

Figure 5 shows the results of an experiment in which the
wave vector orientation (angle a) is varied over an angular
range exceeding [0°, 90°], with the point O coinciding with
the cathode center. For each angular position, a signal
frequency peak is identified and integrated to give S(k),
shown in Fig. 5(a). The length of the arrows indicates the
S(k) magnitude. Arrows in red denote negative frequency
peaks, while arrows in blue denote positive frequency peaks.
Around 0°, the appearance of positive frequency peaks
alone shows that density fluctuations propagate axially away
from the cathode. Around 90°, both positive and negative
frequency peaks are identifiable for the same angles. This is
because the 09h00 and 03h00 azimuthal positions are visible
simultaneously, as explained earlier (Fig. 3). The highest
mode amplitude is observed at a certain inclination towards
the cathode (o = 100°), a result similar to that found on a
Hall thruster [12].

Figure 5(a) shows one point around the axial direction
(o = 5°) with a static form factor amplitude about twice
that measured at neighboring angles. The unexpectedly
large signal at this angle, and its narrow angular restriction,
point to the observation of escaping electrons at the cathode
center. At the center of the cathode plasma, where the
electric and magnetic fields are antiparallel, the electrons
are not trapped and can flow freely away from the cathode
surface. The observation of this signal peak at 5°, rather
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FIG. 5 (color online). Variation in (a) mode amplitude and
(b) frequency with orientation angle « in the (E, E x B) plane
[see Fig. 2(b)]. O represents the center of the cathode. dc:
U,=370V, 1, =04 A; k= 5600 rad/m.
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than exactly at 0°, may be attributed to a slight error in the
angular referencing of the beams. The apparent collimation
of the fluctuations about an angle normal to the cathode is
in sharp contrast to observations made on a Hall thruster,
where fluctuation amplitudes around 0° trace a Gaussian
distribution with a full width of over 50° [13]. This key
difference between the two devices arises because of the
presence of plasma in the central region of the magnetron

where E and B are antiparallel (unlike in the annular Hall
thruster chamber). The relation between the observed axial
density fluctuations and larger-scale electron flares
observed by other authors [14] merits further investigation.

The density normalization applied to the signal is the
same at every angle (a chosen value of 10'® m?) because,
while a is varied, the actual position of the observation
volume does not change. The observed S(k) signal peak at
5° corresponds to a real increase in the mode fluctuation
intensity (unbiased by the effect of the density) associated
with the escaping electrons.

Frequencies of the mode at different angles are shown
in Fig. 5(b). The positive and negative peaks remain
symmetric in frequency (41.5 MHz) near the azimuthal
direction. Frequencies observed in the axial direction are of
similar magnitudes.

HIPIMS operation of the magnetron, with simultaneous
acquisition of the scattered signal, can provide an oppor-
tunity for the evolution of the electron density fluctuations
within a single pulse to be studied (Fig. 6). Here, we
consider plasma conditions identical to those used for
the signal plot shown in blue in Fig. 3. Within the
65 ms signal acquisition window, 22 pulses are generated;
Fig. 6 concerns pulse 3 only.

The spectrogram for a segment of the signal around this
pulse is determined and shown in Fig. 6(b). The continuous
signal band at frequencies of 200 kHz and below, visible on
Fig. 6(b), is largely attributable to diffraction. The scattered
signal of interest is identifiable over a range from about 0.2
to 3 MHz; this breadth in frequency is reflected in the
spectral width of the signal shown in Fig. 3. The color
levels of Fig. 6(b) are given by the product 10log;y| P/,
where P, is the power spectral density.

Figure 6(b) shows a very interesting feature: low-
frequency modulation of the MHz-frequency signal within
the pulse which is not evident from the time-averaged
FFT analysis. To highlight this, the time evolution of the
power spectral density at 1 MHz is examined. This
variation is shown in Fig. 6(c). A low-frequency modula-
tion of the mode amplitude at about 120 kHz is clear; a
similar modulation is also identifiable when other pulses
are analyzed.

One likely reason for the oscillation in mode amplitude is
the traversal of the observation volume by regions of
alternating high and low electron densities. Each crossing
of the observation volume by a region of plasma with
higher density than the mean electron density would
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FIG. 6 (color online). Pulse characteristics and mode features.
(a) Current (blue) and discharge voltage (green) profiles within
the chosen pulse, (b) spectrogram of the scattered signal within
the pulse envelope [amplitudes equal to 10log;o|P,|, where P;
is the power spectral density (PSD)], and (c) time variation of
power spectral density at 1 MHz, showing low-frequency
periodicity. HIPIMS: peak U, =494V, peak I,=7A,
P = 15 mTorr; a = 100°, k = 5600 rad/m.

increase the scattered signal intensity proportionally.
Such conditions could well be created by the crossing of
the observation region by rotating spokes.

Here, we draw a distinction between the results from this
Letter and the numerous other studies on azimuthal
instabilities in the magnetron. The mode detected via
probes by Lundin et al. [15] and Winter et al. [16] and
described as the modified two-stream instability is a large-
wavelength (several cm) drift instability with MHz frequen-
cies, similar to that detected in the Hall thruster context by
Lazurenko et al. [17]. Azimuthal large scale structures with
kHz periodicities, described as being driven by ionization
and density gradients, have been identified by other authors
([14], [18], [19], among others). The mode identified in this
Letter is driven neither by ionization nor by gradients, and
its frequency and length scale ranges differ from those
found in the aforementioned studies. The instability is also
not a pure ion acoustic wave [20]; it arises, instead, when
Doppler-shifted Bernstein waves couple to ion acoustic
waves [3].

This Letter provides evidence (via the low frequency
modulation of the small-scale, MHz signal) of the presence
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of electric fields within large-scale structures. This goes a
step beyond the simultaneous observations of kHz and
MHz features found in Refs. [16] and [21] and is only
rendered possible by the access to millimetric and sub-
millimetric length scales our diagnostic provides. These
results could provide experimental backing for recent
ideas of Brenning and colleagues involving the creation
of short-scale internal electric fields in spokes [22].

When considered in the context of studies which have so
far been performed on instabilities on the magnetron, our
study brings to light (i) the presence of a MHz, mm-scale
instability, distinct from those previously described in
magnetron plasmas, identified as the ECDI, (ii) the pres-
ence of collimated, axial electron density fluctuations at
electron Larmor radius scales, and (iii) the presence of
short-scale electric fields within large-scale structures of
kHz periodicity. Investigations of the wave number and
frequency matching conditions, as a means of understand-
ing the nonlinear coupling across different scales, will be
made in future work.
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