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Photon counting technique applied to time-resolved laser-induced
fluorescence measurements on a stabilized discharge

J. Vaudolon,® L. Balika, and S. Mazouffre

ICARE Laboratory - CNRS, 1C Av. de la Recherche Scientifique, Orleans, France
(Received 24 May 2013; accepted 11 July 2013; published online 26 July 2013)

A novel approach to perform time-resolved laser-induced fluorescence (LIF) measurements in plasma
discharges is presented. The LIF technique relies on a photon counting method associated with a si-
nusoidal potential modulation on a floating electrode located in the plasma to ensure time coherence.
By tuning the modulation frequency, resonance can be reached with the discharge current in order to
guarantee repeatable measurement conditions. Time-averaged characteristics of the discharge (such
as Te, ne, Vp, and Vj,,) remain unaffected by the modulation. As an example, the association of
the photon counting method with the modulation system is employed to determine the time evo-
lution of several ion velocity groups inside an ExB discharge. Interesting features of the velocity
oscillations are examined and pave the way for more focused studies. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816642]

. INTRODUCTION

Many magnetized low-pressure plasma discharges show
instabilities characterized by oscillations in current or po-
tential over a broad range of frequencies. This is espe-
cially true for magnetized cross-field discharges, such as
Hall thrusters for space applications, end-Hall ion sources
for plasma processing and coating formation, and magnetized
plasma columns for fundamental studies of turbulence and in-
stabilities.

Low frequency oscillations associated with ionization
are of great interest as they usually carry a large portion of
the spectrum energy content. They could also play a role in
transport and cross field diffusion. Rotating plasma structures
known as spokes' as well as breathing mode oscillations in
Hall thrusters® are two examples of such an oscillation.

The investigation of the discharge properties naturally
requires time-resolved measurements at the oscillation time
scale. The electric field temporal evolution is a quantity of
prime interest to describe ionization, acceleration, and trans-
port processes. This quantity can be directly derived from
the plasma potential profile obtained by emissive or Lang-
muir probes mounted onto a fast moving translation stage.
Several shortcomings are associated with this method, one
of them being to be intrusive. Instead, we propose an opti-
cal method associated with a photon counting technique. The
time-dependent Ion Velocity Distribution Function (IVDF) is
accessible by means of Time-Resolved Laser-Induced Fluo-
rescence (TR-LIF) on the ion population. In order to achieve
time-resolved measurements, a specific set-up is necessary.
First, the occurrence frequency of fluorescence events must
be below the maximum pulse counting rate of the detection
system to stay within a linear regime. Second, the detection
apparatus must be able to distinguish between LIF photons
and background noise and to accumulate over several oscil-
lation cycles. Third, a temporal resolution much below the

®Electronic mail: julien.vaudolon @cnrs-orleans.fr

0034-6748/2013/84(7)/073512/5/$30.00

84, 073512-1

oscillation time period is required. Finally, and most critical,
reproducible measurement conditions imply temporal coher-
ence of the oscillations. This is possible with a quasi-periodic
behavior of the plasma parameters.

In this contribution, we present a time-resolved photon
counting technique combined with the control of the low fre-
quency oscillations in a Hall thruster. The discharge of a Hall
thruster is highly non-stationary and exhibits a rich spectrum
of fluctuations in plasma properties.? Current and plasma fluc-
tuations from ~10 kHz up to ~100 MHz play a major role
in ionization, diffusion, and acceleration. While some stud-
ies characterizing the existence and possible control of these
oscillations were published in the mid 1960s to mid 1970s,
they have received attention recently as there is a growing
need to extend and enhance the performance of these thrusters
for a broader range of space missions. In this paper, we ob-
serve time-varying ion velocity during a breathing oscillation.
Breathing oscillations find their origin in a prey-predator type
mechanism between atoms and ions as shown by Boeuf and
Garrigues.” The ionization processes being very effective, the
oscillations are linked to a periodic replenishment of neutrals
near the channel exit. The frequency is then determined by the
time needed to fill in the ionization region. The non-stationary
discharge of a Hall thruster requires to be stabilized in order
to perform accurate time-resolved experiments. Plasma oscil-
lations are controlled by means of a sinusoidal potential mod-
ulation applied on a small electrode in close proximity of the
cathode exhaust. The velocity of several ion groups has been
measured by means of a photon counting approach that al-
lows a time resolution of 100 ns. As we shall see, the recorded
waveforms exhibit a high signal-to-noise ratio, thanks to the
accumulation over several time periods. In Sec. II, the thruster
and the oscillation control technique are described. Section III
depicts the optical bench and the photon-counting set-up. In
Sec. IV, the influence of the modulation system on the char-
acteristics of the thruster is examined. Finally, the temporal
evolution of several velocity groups is analyzed. Conclusions
are drawn in Sec. V.

© 2013 AIP Publishing LLC
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Il. EXPERIMENTAL ARRANGEMENT
A. Hall thruster

For the experiments described here, a 200 W input power
class Hall thruster has been used.* Hall thrusters are plasma
accelerators dedicated to space applications that use crossed
magnetic and electric fields to ionize and accelerate a propel-
lant gas.>® Hall thrusters are currently employed for geosta-
tionary communication satellites orbit correction and station
keeping. The next generation of Hall thrusters will be devoted
to higher energy-requiring missions such as orbit topping and
exploration.

A Hall thruster consists of a magnetic barrier in a low
pressure discharge maintained between an external cathode
and an anode. The anode is located at the upstream end of a
coaxial annular dielectric channel that confines the discharge.
The radially directed magnetic field is generated by means of
solenoids or permanent magnets. The discharge electrons are
magnetized, whereas the more massive ions are not. The high
electron resistivity establishes a strong axial electric field that
drives a high azimuthal drift (the Hall current) responsible for
the efficient ionization of the gas. This field also accelerates
ions out of the channel, creating thrust. A fraction of the elec-
trons emitted by the cathode neutralizes the ion beam. Xenon
is usually used as a propellant gas due to its high atomic mass
and its low ionization energy.

The thruster used in this work has been extensively de-
scribed in other studies.* The operating point was fixed to a
discharge voltage of 200 V and an anode mass flow rate of
1.2 mg/s. Xenon was used as working gas for both the thruster
and the hollow cathode. Alumina ceramics were used for
the channel walls. The 2S5, geometry is used; it corresponds
to a larger channel width than the conventional one.* Dis-
charge current, cathode potential relative to ground as well
as other thruster parameters were constantly recorded. The
thruster was operated in a 1.8 m in length and 0.8 m in di-
ameter vacuum chamber evacuated by a cryogenic pump. The
background pressure was kept at 7 x 107> mbar N, during
operation.

B. Breathing mode oscillations control unit

In low-pressure, i.e., low density discharges, the recorded
fluorescence signal consists of just a few photons per oscilla-
tion period. Even if the fluorescence light events can be in-
creased by working in a strongly saturated regime, it appears
necessary to realize a statistical accumulation. A temporal co-
herence of the oscillations is therefore required to perform
such an accumulation.

In order to achieve TR-LIF in a Hall thruster, the dis-
charge needs to be maintained in a periodic oscillation regime.
The active harmonic system presented here has two main ad-
vantages: First, the modulation signal can be used as a trig-
ger signal. Second, the frequency content is fairly the same at
any time, which warrants reproducible measurements condi-
tions. Another possibility to actively perform TR-LIF is to use
a fast power switch. However, it has been shown that unlike
the technique presented here, the power switch perturbates the
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FIG. 1. Electrical set-up of the keeper modulation.

discharge behavior.” Passive systems such as phase sensitive
detection time-synchronized on a particular level of the dis-
charge current have been used to extract time-resolved fluo-
rescence signal.® This method as well as the one described
here (photon counting) are not dependent upon the frequency
of the recorded signal and can therefore be applied to many
situations. However, our stabilizing technique warrants a con-
stant frequency content during operation. Such conditions
cannot be obtained through a passive detection.

In order to control the oscillations, a sinusoidal
frequency-tunable potential is applied between a floating elec-
trode in the vicinity of the cathode (referred to as the keeper)
and the negative pole of the cathode. A schematic view is
represented in Fig. 1. The modulation frequency cannot be
chosen randomly but corresponds to a resonance of the sys-
tem. The discharge current oscillation amplitude is moni-
tored as the frequency is adjusted in order to maximize the
plasma response to the excitation. The current driven through
the keeper is relatively low and represents less than 10% of
the discharge current. Such a modulation has been used to
perform probe measurements in the far-field plume of Hall
thrusters.’

The resonance with the breathing mode occurs over a
2 kHz band. The monitoring of the maximum discharge cur-
rent amplitude enables to properly calibrate the modulation
frequency. Figure 2 shows the effect of the modulation sys-
tem on the discharge current. First, it is clear that the mean
value of the discharge current remains unchanged, which is
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FIG. 2. Discharge current with and without the keeper modulation.
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mandatory to keep the same thruster average behavior. Sec-
ond, the discharge current amplitude is clearly higher with the
modulation. Although it does not appear on a single screen-
shot, the ensemble averaging over multiple acquisitions shows
a constant time-averaged amplitude. Third, the discharge cur-
rent phase is constant, which ensures temporal coherence be-
tween each measurement pass. The frequency content of the
discharge is given by its FFT. The same harmonic structures
exist with and without the modulation except at a particu-
lar frequency which corresponds to the modulation one. It
is worth noticing that the spectral power density remains un-
changed elsewhere. The average modulated discharge current
frequency is equal to that of the modulation. The same evo-
lution of the cathode potential relative to ground has been
observed. It must be noted that any harmonic in the thruster
operating spectrum could normally be excited. However, we
believe that the low power system may limit our modulation
capabilities. Increasing the input power may trigger other res-
onances, but could also perturbate the discharge. The current
driven through the keeper is about 60 mA, which corresponds
to 5 W injected into a 200 W system. The possibility of mod-
ulating the discharge may subsequently be related to the ratio
of the input power of the modulation amplifier to the power
of the system to be modulated. A value of 10% enables ef-
ficient control and does not disturb the thruster average be-
havior. A similar modulation system has been successfully
built and tested on a 1.5 kW Hall thruster. In order to achieve
proper control upon the breathing mode, a higher amplifica-
tion was necessary in this case. Similar characteristics of the
plasma parameters were observed, meaning this technique is
sizeable.

The mechanisms that govern the modulation system re-
main unclear. The keeper electrode is placed into the electron
beam leaving the cathode. This small electrode may be suffi-
cient to efficiently modulate the electron energy that is carried
to the main discharge.

lll. DIAGNOSTIC TECHNIQUE
A. Optical bench and collection branch

The LIF optical assembly is described in details in a re-
view paper.'? The 5d*F; 52— 6p*Ds), transition is probed by
an amplified tunable single-mode external cavity laser diode.
The wavelength is accurately measured by a 60 m/s precision
wave meter. A high finesse Fabry-Perot interferometer is used
to check the laser stability and detect mode-hops. An anamor-
phosis filter circularizes the laser beam and maximizes the
transmission through the optical fiber. The laser beam prop-
agates along the thruster axis and is aligned with the center
of the discharge channel. The laser typical power density is
10 mW/mm? within the measurement volume, which war-
rants a good signal-to-noise ratio and a limited saturation of
the transition.

A collection branch made of a 40 mm focal lens focuses
the light onto a 200 um core diameter optical fiber. Spatial
resolution in the axial direction is 200 um. The fluorescence
light is focused onto the entrance slit of a 20 cm focal length
monochromator that isolates the 541.9 nm line from the back-
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FIG. 3. Schematic of the detection branch. Photons events are amplified
and selected depending on their energies. The counting card accumulates
the events over n channels of 100 ns length each. Both laser on and laser
off measurements are performed to screen out the noise and reveal the
fluorescence.

ground ones. A photomultiplier tube (PMT) serves as a light
detector.

B. Photon-counting technique

The photon counting technique has been applied in
the past to diagnose oscillating and pulsed discharges, see
papers.'!"12 However, so far it has never been used on a re-
motely stabilized discharge. Photons are detected by means
of a high gain low dark noise PMT. The detection branch
is schematized in Fig. 3. A fast amplifier and discriminator
module is used to screen out the noise from the PMT. This
has two advantages. First, the count rate is limited to avoid
the pulse counter saturation. Second, any single event is con-
verted into a transistor-transistor logic (TTL) signal. In order
to properly adjust the discriminator threshold, events are clas-
sified depending on their intensity. Each photon pulse can be
distinguished from the background noise by appropriate set-
ting of the discriminator threshold.

The pulse counting device is a multichannel scaler. The
entire period of the oscillation can therefore be recorded in-
stead of being reconstructed by an external device over sev-
eral oscillation periods. Moreover, any wave shape can be
recorded with this technique. A modulation-related trigger
starts the acquisition of the incoming photon events over a few
oscillations period, which warrants perfect reproducibility for
each pass. The channel width (the temporal resolution) is
100 ns. Hundreds of thousands of passes are necessary to ob-
tain a good LIF signal-to-noise ratio. For each velocity group
measurement, the laser wavelength is kept constant through a
feedback loop. The LIF signal is extracted through two suc-
cessive measurements laser on and laser off. The subtraction
reveals the fluorescence events collected by the pulse count-
ing device. The statistics is optimized when the substraction
is operated after each pass.

IV. RESULTS

A. Influence of the modulation system

In order to validate the use of the oscillations control
to perform TR-LIF, time-averaged LIF (TA-LIF) has been
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FIG. 4. Time-averaged IVDF with and without the modulation system at
5 mm downstream the thruster exit plane.

performed with and without the modulation. TA-LIF in Hall
thrusters has been extensively described in previous studies*
and is based on a phase-sensitive detection instead of a photon
counting technique. Figure 4 shows the IVDF obtained with
and without use of the modulation system. The spectra match
each other at almost all velocities. One notices a slight differ-
ence on the low velocities part of the main peak. The velocity
gap is however close to the measurement error. The discrep-
ancy is likely to originate from the thruster thermal drift.

B. Comparison with TA-LIF

TA-LIF profile can be reconstructed from the time-
resolved measurements. This is a possible way to determine
wether the statistical accumulation is good enough to obtain
the LIF signal. Figure 5 represents the reconstruction of the
time-averaged IVDF from the time-resolved data. The blue
line is the raw TA-LIF profile obtained from the lock-in de-
tection technique. The temporal means of each time-varying
velocity group (in red squares) perfectly match the time-
averaged measurements, which validate our approach. Sev-
eral positions have been examined inside and outside the dis-

— T T T T T T T
1,04 200V ; 1.2 mg/s ; with modulation b

<LIF>
B <LIF()>
0.8 -
0,6 1 m 4

0.4 4

Signal (a.u.)

02 4

i

T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000 16000
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FIG. 5. Comparison between the IVDF obtained by time-averaged measure-
ments and the IVDF inferred from photon counting at 5 mm downstream the
thruster exit plane.
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FIG. 6. Temporal oscillations of selected velocity groups at 5 mm down-
stream the thruster exit plane. Time series is expressed in LIF photon number
against time.

charge channel and always show a perfect agreement between
time-resolved and time-averaged LIF.

C. Temporal evolution of ion velocity groups

The effect of the modulation upon the ions depends
strongly on their velocities. Figure 6 represents time-series
for several ion groups. Recorded waveforms have been fil-
tered by a low-pass Fourier filter with a cutoff frequency of
400 kHz, preserving all the breathing mode characteristics.
Raw LIF data directly obtained from the photon counting as
well as corresponding filtered data are depicted in Fig. 6.

The ion response to the excitation can be easily observed
from the raw data. The lower velocity group does not seem
to oscillate at all. This group is at the low velocity tail of
the IVDF and represents a very few percent of the total ion
population. Mean value of the LIF signal is well above zero,
meaning the statistics is good enough to properly extract the
fluorescence signal. On the contrary, the two other groups are
oscillating. It is worth noticing that breathing mode appears
on filtered data as well as higher frequency ion oscillations
with f ~ 200 kHz. These high frequency waves are likely to
be associated to the so-called ion transit time oscillations'?
and will be further analyzed.

The contour map of the temporal IVDF is plotted in
Fig. 7. The TR-IVDF is composed of 13 points chosen to

1500

1000

500
4 0

0 50 100 150 200 250 300 350
Time (us)

Velocity (m/s

FIG. 7. Temporal evolution of the IVDF at 5 mm downstream the thruster
exit plane over a few oscillation periods. The inset highlights the first 150 ps
evolutions of the most probable velocity groups. The color bar is identical for
the two plots.
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FIG. 8. Oscillations amplitude of the ion groups at the modulation frequency.

properly reconstruct the TA-IVDF. A zoom of the first 150 ps
around the most probable groups is provided to highlight
oscillations.

The oscillations amplitude against the velocity is plot-
ted in Fig. 8 for all scanned groups. This amplitude is com-
puted from the Fourier transform of the TR-LIF data. The
lower velocities (before 9000 m/s) can be distinguished from
the higher groups in terms of oscillations amplitude. The ax-
ial electric field profile has been measured along the dis-
charge channel. The ion velocity properties are therefore
known at each position. Velocity groups over 9000 m/s cor-
respond to ions created inside the discharge channel. There-
fore, breathing oscillations seem to be stronger inside the
channel. As shown by Lobbia'* the breathing mode oscilla-
tions are damped downstream the exit plane, which could ex-
plain this evolution. The study of the breathing mode damp-
ing will be further investigated through other axial TR-LIF
measurements.

V. CONCLUSION

The examination of the temporal characteristics of a
cross-field discharge has been performed by means of TR-
LIF spectroscopy. Several results are of great interest. First,
the photon-counting technique is shown to be valid as a diag-
nostic technique provided the discharge oscillations can be
maintained in a quasi-harmonic regime. Second, we have
demonstrated the possibility to actively control low frequency
oscillations by means of a potential modulation on a float-
ing electrode, without change of the plasma mean behavior.

Rev. Sci. Instrum. 84, 073512 (2013)

The association of both the modulation and the TR-LIF tech-
niques appears to be very effective to obtain time-resolved
measurements.

Further experiments will be performed in the discharge
of Hall thrusters, for several positions and operating points.
More ion velocity groups will be probed to compute the time
evolution of the electric field inside the thruster, which is fun-
damental to better understand the physics at stake.
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