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A Key issue in the development of theory and models for plasma propulsion devices is to
describe the instabilities and fluctuations of the devices. It has been widely recognized that
many Hall effect thrusters (HETSs) exhibit oscillations at frequencies in the range of ~20 kHz.
These ionization-related oscillations are generally referred to as Breathing Mode oscillations
and have been the subject of considerable research. Here, for the first time, we report direct
temporally resolved measurements of the ground state neutral density variation during the
period of the oscillation. We used the laser-based Two-Photon Absorption Laser Induced
Fluorescence (TALIF) technique to measure neutrals within the plume of a 1.5 kW HET
operating on krypton (Kr). Our TALIF scheme employs a frequency-doubled, pulsed dye laser
operating at ~212 nm to probe ground state Kr atoms. A novel phase-binning approach is
used to recover the time-dependent signal by assigning the timing of each collected TALIF
signal (laser shot) relative to the phase of the discharge current. We find that the neutral
density fluctuates quite strongly over the period of the oscillation, and that this fluctuation
leads the current fluctuation as expected.

I. Introduction

Electric propulsion (EP) devices operate at significantly higher specific impulse compared to conventional
chemical propulsion systems. These devices have been developed and flown for over 50 years, enabling missions with
high delta-V requirements. These devices come in many forms, with several performance trade-offs, but today Hall
thrusters are the most prevalent EP device used on orbiting spacecraft. The Hall thruster relies on crossed magnetic
and electric fields located near the exit of an annular channel to facilitate efficient ionization and acceleration of
propellant gases injected into the annulus [1]. The most common propellant gases are the noble gases xenon, krypton,
and argon; and the propellant ions are exhausted at velocities of 10’s of km/s. A secondary effect of the highly
localized, crossed magnetic and electric fields is large gradients in density, potential, and field strengths that give rise
to strong drifts in the plasma that can provide energy to many instabilities and oscillations. Understanding and
characterizing these instabilities is required to validate modeling efforts in support of maturing thruster designs and
enabling the development of more efficient or higher power Hall thrusters.

One comprehensive review of plasma oscillations found in Hall thrusters was conducted in 2001 by Choueiri [2].
Many of the instabilities and oscillations discussed in the review have been widely studied over the past 20 years and
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many are still considered open areas of research today. Some of the oscillations have been characterized
experimentally and numerically, although there are open questions as to the mechanisms that drive the discharge
plasma unstable. One common oscillation in Hall thrusters is referred to as the breathing mode oscillation, which has
been widely studied both numerically [3-9] and experimentally [10-16], and despite its identification and early
characterization nearly 50 years ago [13], it remains an active area of research. This oscillation is described by strong,
coherent, low-frequency fluctuations in the discharge current, typically between ~10-30 kHz. The breathing mode has
been observed to result in longitudinal oscillations in plasma parameters that can be on the order of or greater than the
steady-state plasma parameters. Although the general consensus is that the mode is driven by ionization instabilities
related to the predator-prey relationship between ionization and neutral particle backfill rate, confirmation of the actual
mechanism(s) responsible for the onset of the instability remains an open area of research [7-9].

Furthermore, this oscillation has been observed to exhibit mode shifts, especially in magnetically shielded Hall
thrusters operated at lower than nominal power levels [14]. These mode transitions are characterized by larger
magnitude current oscillations that pose a risk to on-orbit system stability. Although several models have been
developed to predict the conditions and locations where the mode transitions will occur [5, 14], and to describe the
propagation of the oscillation from within the channel to areas downstream of the thruster near the exit plane [8], there
remains a gap between theoretical modeling efforts and experimental data capable of validating the outstanding
physical models.

As Hall thrusters continue to increase in power, the limited pumping capacity of the vacuum test facilities calls
into question how the facility impacts the operation of the thruster. These effects have been widely studied
experimentally and numerically [17-20], however the understanding of how higher-than-desired facility pressures may
impact the stability of the thruster and the plasma oscillations themselves remains an open question [21, 22]. Closing
the gap between experimental data of thrusters tested in ground facilities and models of the thrusters will require more
capable diagnostics that are able to measure these effects on the time scales relevant to the oscillations of interest.

Dale and Jorns and co-authors have combined time-resolved LIF measurements and electrostatic diagnostic
measurements to probe ion and neutral densities and velocity distribution functions (VDFs) inside the Hall thruster
channel [8, 14]. While single-photon LIF is well suited for Doppler based velocity measurements, its use for density
measurements is more tenuous because one is fundamentally measuring a weakly populated metastable state whose
population may not be a reliable representation of the ground state and overall density (because the metastable must
be first produced by electron bombardment processes which vary in intensity throughout the channel). Furthermore,
the sensitivity of the diagnostic is limited to regions where the neutral metastable density is sufficiently high, but
interference light from the plasma is limited, meaning measurements of the neutral metastable atoms could not be
performed with high confidence at axial positions near the ionization region or further downstream within the plume
(where excitation is reduced). An important aspect of understanding how the breathing mode instability responds to
facility pressure is to understand how the neutral density oscillates through these regions including near the channel
exit.

Standard LIF techniques can provide neutral and ion VDFs based on Doppler shifting, but electrostatic probes (i.e.
Langmuir and Faraday probes) are often used to measure absolute ion currents in the nearfield and to estimate changes
in properties like electron temperature [8, 14, 15]. Although these measurements are useful in providing important
plasma parameters for modeling efforts, the extent to which they can be used in the near field and channel is limited
due to their perturbative effects [23, 24]. Furthermore, no common electrostatic probe is available to provide neutral
particle density fluctuations in the near field without perturbing the natural plasma state. The present work extends
our past use of two photon absorption laser induced fluorescence (TALIF) for reliable measurement of neutral
populations [25-27] — by probing the ground state — but now for temporally resolved measurements relative to the
breathing mode oscillation. The main advantage of TALIF for density measurements is that by using two-photon
absorption we can access the relatively large energy gaps between the ground state and excited states, thereby
accessing ground state transitions with available tunable laser systems typically operating in the range of ~200-250
nm [25-33]. Two general disadvantages of TALIF detection are that signal-to-noise can be poor owing to small two-
photon absorption cross-sections (and competing luminosity from the same emission lines) and that data is generally
collected with low repetition-rate pulsed lasers (~10-20 Hz). As presented herein, in this work we propose and
demonstrate a novel phase-binning method allowing us to synchronize the individual TALIF signals to the thruster
discharge current oscillation, from which we can reconstruct the phase- (time-) dependent neutral density variation
relative to the current oscillation. Section 2 of the paper summarizes the experimental setup and method for the TALIF
experimental setup and data-acquisition. Section 3 provides results and discussion of using the method to study the
Kr density variation in a 1.5 kW Hall thruster. Finally, conclusions are provided in Section 4.



II. Experimental Setup and Methods
The following sections contain details on our experimental setup and data collection and analysis.

A. Optical Layout and Thruster Setup

This work employs two-photon absorption laser-induced fluorescence (TALIF) using a 212.6 nm excitation
scheme with detection at 760 nm following our past Kr TALIF work [26, 27]. The optical setup is shown in Fig. 1.
The laser source is a nanosecond pulsed dye laser (Sirah Precision Scan) pumped by the third harmonic (355 nm)
output of an Nd:YAG laser (Spectra-Physics Quanta Ray Lab 150-10). Exalite 428 dye is used to produce visible light
at 425 nm which is then doubled using an integrated frequency conversion unit. The final output of the laser is a
rectangular beam (approx. 2 x 6 mm) with a pulse duration of ~9 + 1 ns full-width at half-maximum (FWHM) and a
pulse energy of 2.5 mJ. The energy setpoint was chosen as it produces a saturated TALIF response with our delivery
optics [27]. Using a periscope, the beam is steered through an ultraviolet (UV) grade fused silica window into the
vacuum chamber where it is brought to a weak focus by a plano-convex lens with a focal length of 50 cm. The TALIF
signal, along with the plasma’s luminous emission, is collected and collimated by a 5 cm diameter, 30 cm focal length
plano-convex lens at an angle perpendicular to the probe beam. The collected light is focused onto a multimode optical
fiber (Thorlabs M291.02) with a core diameter of 0.6 mm by a 5 cm diameter 15 cm focal length plano-convex lens.
The overall imaging train has a magnification factor of 0.5 such that the resulting collection area at the collection
location (waist of the 212 nm probe beam) is a circle with a diameter of 1.2 mm. The collection area is roughly an
order of magnitude larger than the probe laser waist to increase resilience against micro-movements of the beam
delivery and collection optics during chamber evacuation and heating. The collected light is coupled out of the vacuum
chamber, via a bulkhead mounted feedthrough, into a second identical fiber optic the output of which is 1-to-1 imaged
onto a photomultiplier tube (PMT, Hamamatsu R3896) equipped with a bandpass filter (Thorlabs FBH760-10) to
remove most of the plasma emission that originates at other emission lines as opposed to 760 nm.

The Hall Effect thruster used in this work is a 1.5 kW SPT-like thruster with a center mounted 25 A class Ba-O
based hollow cathode. The thruster is mounted on a thrust stand within a 1.7 m diameter by 4.6 m long cylindrical
vacuum chamber pumped by a Leybold DryVac 650 roughing pump and two 24” Varian diffusion pumps and two
cryo sails resulting in roughly 17,000 L/s of pumping speed on Kr. The thruster is positioned near the centerline of
the vacuum chamber and approximately 2 m axially from the end as shown in Fig. 1. The base pressure is ~10° Torr
measured by a Granville Phillips 390 Micro-lon vacuum gauge (+ 15% accuracy) located approximately 0.5 m behind
the thruster on chamber wall.

The thruster is operated on ultra-high purity krypton gas (99.999% pure) at an anode and cathode mass flow rate
of 50 and 4 sccm respectively. The mass flow rates are controlled by Alicat Scientific mass flow controllers with
manufacturer stated £+ 0.1 sccm accuracy. The thruster discharge is operated at a 300 V with a time averaged anode
current of 5 A, the nominal 1.5kW operating condition of the thruster. However, the thruster was operated with a
weaker magnetic field that resulted in strong breathing mode oscillations, with peak-to-peak currents approaching
nearly 400% of the nominal steady-state anode current. During operation, the corrected chamber background pressure
is 4x10 Torr. Propellent enters the thruster discharge channel through several orifices spaced evenly on the
downstream face of the anode ring in the back of the Borosil channel. The waist of the TALIF probe beam is
positioned at the same radial location as the channel outlet orifices and at axial position of several mm downstream of
the channel/thruster face.
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Fig. 1 Setup for TALIF measurements of plasma thruster. Left: External view of chamber. Right: Optics
inside vacuum chamber.

B. Data Collection

To measure temporally resolved densities relative to the breathing mode oscillations, we reference the individual
TALIF signals (from individual laser shots) to the timing of the discharge current fluctuations. In our method, we
allow the laser to free-run at its design pulse repetition rate of 10 s™' and record the timing of each TALIF signal (laser
shot) relative to the thruster current oscillation. To record both the TALIF signal (PMT output) with sufficient temporal
and voltage resolution as well as the thruster current oscillation (breathing mode), two oscilloscopes with separate
time bases were used. Both oscilloscopes are triggered simultaneously by a photodiode located within the dye lasers
frequency conversion unit. The output of each oscilloscope is logged and saved to a computer with a custom LabView
code. The breathing mode current is measured with a current probe (Rigol RP1002C) and recorded with a Rigol
DS1054 oscilloscope where the time base is set to a recording length of 120 ps with the trigger at the center of the
recording. The time base was selected to ensure at least one full period of the breathing mode is captured. The PMT
output is recorded with a Tektronix TDS5034B oscilloscope with a recording length of 200 ns. In addition to the PMT
signal, the high-speed oscilloscope also records the instantaneous current probe measurement as an additional check
to verify both scopes are properly synchronized. A given measurement campaign, to yield the temporal dependence
relative to the oscillations, typically comprised the acquisition of ~12,000 individual laser shots which corresponds to
~20 minutes of experimental time given the laser pulse repletion rate of 10 Hz. The current setup has a latency issue
in the data collection such that only 50% of the shots can be acquired meaning that ~40 minutes was required to obtain
the aforementioned data.

C. Data Analysis

The experimental TALIF data is binned into N=20 equally sized phase-bins based on the timing of the TALIF
(laser shot) relative to the phase of the breathing mode, where phase of zero and 2p is defined to coincide with maxima
(peaks) of the discharge current fluctuation. As shown in Figure 2, the phase, f, of a given TALIF signal shot is defined
as:

p(t) = 2m » 2 (1)

where 7 is the (local) breathing mode period (found from spacing of the preceding and following peaks), t, is the
time of the preceding breathing mode peak, and ¢ is the time of the laser pulse. In cases (<3%) where multiple peaks
are not present in the current trace recording, the shot is discarded from the analysis due to insufficient phase
classifying information. In this way, each (qualifying) TALIF measurement is assigned to one of the N phase bins
(where each bin has extent 2p/N, starting from f=0).



Within each phase bin, the data associated with individual laser shots are arbitrarily sub-divided into groups of
n=100 individual shots. The groupings of 100 PMT traces are averaged and analyzed to yield a smaller number of
final data point for reporting. Averaging of the individual PMT traces is required to improve the signal-to-noise ratio
and the reliability of baseline subtraction given the random variance of naturally occurring plasma luminosity at the
TALIF collection wavelength as has been discussed in previous work [26]. Each trace is the PMT voltage versus time
with the data-acquiring oscilloscope triggered to gather data over 200 ns around the TALIF signal. We first determine
a signal baseline based on averaging 50 data points that are earlier in time and 50 points that are later in time, relative
to the TALIF signal. As will be discussed below, the baseline is primarily due to plasma luminosity and carries plasma
diagnostic information also. The baseline is then subtracted from the averaged PMT trace. After baseline subtraction,
the PMT trace is numerically integrated to form the TALIF signal, which is linearly proportional to the neutral Kr
number density [26-29]. By examining these TALIF signals versus their assigned phase we can measure neutral
density variation across a breathing mode cycle.

257 Phase =0 Phase =27
| |

TALIF laser

o5t /

W | /
Maatyy e *
AT aalliha RN

60 70 80 90 100
Time [ps]

e e =

50 11I0 12I0
Fig. 2 Approach for determining the phase of an individual TALIF measurement relative to the breathing
mode oscillation period.

III. Results and Discussion

A. Current Oscillation and Breathing Mode Statistics

The left of Figure 3 shows representative examples of discharge current oscillations as recorded by the current
probe and oscilloscope. Three different traces are shown to get a sense of the variations. Each trace is 120 ms in
extent (with the TALIF laser fired at exactly the midpoint of each trace). The observed current fluctuations in the
thruster under study are rather strong, on the order of 500% in terms of the ratio of peak (~25 A) to mean (5 A), and
quite periodic. The right of Figure 3 shows a histogram of the oscillation periods as found from pairs of current peaks
from all recorded current traces using the method of Figure 2. While the observed period has some spread (drift), we
find the values to be quite tightly grouped in a single distribution with mean of 55.1 ms (~18.1 kHz) and standard
deviation of 3.26 ms where the observed frequency is consistent with past findings of breathing mode oscillations.
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B. Phase-Resolved TALIF Signals

Using the methods described above, we have binned all collected TALIF signals into uniformly sized phase-bins.
Figure 4 shows a case where we have formed N=10 phase-bins and each panel shows a single representative PMT
waveform trace due to 100 averaged shots belonging to the bin. (Subsequent analysis will use N=20 phase bins but
were use N=10 to have a more manageable figure.) The bins from 1-10 span a single period of the oscillation (with
current peaks at the start/end of the period). The laser is fired at time of ~75 ns (relative to the start of the traces) and
the TALIF signal is visible as a downward waveform (blue curve) relative to the baseline (pink line), given that the
PMT provides negative voltages. The areas of these downward waveforms correspond to the Kr density during the
corresponding bin such that comparing the panels immediately reveals the basic trends of neutral density variation.
Figure 5 shows the phase (bin) resolved TALIF signals, in this case with N=20 bins. We plot as the fractional phase
(i.e., phase divided by 2p) such that current maxima are at 0 and 1 (spaced by ~55.1 ms in time). The plot shows the
individual data points (black) found as averages of =100 raw traces (laser shots) along with final data points and
error bars for each phase value, found as the mean and standard-deviation, respectively, of the corresponding
individual points. The plots show a clear variation of the TALIF signal (neutral density population) versus phase as
is further discussed below.
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C. Reconstructed Neutral Density Variation Over the Oscillation

Figure 6 shows the reconstructed neutral density (TALIF signal) and current oscillation. We plot the data from a
single period over 2.5 periods for visual clarity. The TALIF phase analysis uses 20 bins and the displayed current
trace (1) is found from averaging 5 randomly selected current measurements. The plotted neutral density data points
(blue curve) are shown centered in their temporal bins where we have converted the phase back to time, based on the
mean period of 55.1 ms. To the best of our knowledge, these data represent the first direct observation of the neutral
ground state density variation during plasma fluctuations within a HET.

It is interesting to consider the neutral density oscillation in the context of the dynamics of the ionization region,
i.e., the breathing mode and the predator-prey interpretation of the ionization-induced oscillation [8, 14, 34, 35]. To
this end, we should account for the transit time of neutrals between the ionization region (where the dynamics
originate) and the actual TALIF measurement location. The timing of the discharge current is essentially independent
of position (due to fast moving electrons); however, neutrals move with speeds that are not negligibly fast. We also
plot a time-shifted curve (red), by a differential Dt=43+5 ms, toward earlier time. This curve represents the inferred
temporal variation of neutrals in the ionization region. The value of the time shift is found as Di=DL/V, where Vis the
mean neutral bulk velocity and DL is the separation distance between the measurement location and ionization region.
We assume a thermal velocity of V'~370-390 m/s (due to anode temperature of ~550-600 K) and a distance of L~15-
18 mm between the measurement location (~5 mm downstream of the exit plane) and end of ionization region
(expected to be ~1-1.3 cm upstream of the exit plane based on magnetic field mapping). The observed dynamics of
the time-shifted curve relative to the current appear consistent with our understanding of the breathing mode behavior.
We find that the neutral density fluctuation leads the current fluctuation, i.e., the rise in neutral density occurs before
the rise in current, We also see that the rise in current (dashed vertical lines shown as rough guide) occurs along the
rising limb of the neutral density increase and that the decrease in neutral density is close, or slightly upstream, to the
time of the current maximum, all in agreement with recent literature [14, 35]. This behavior is consistent with the
predator-prey interpretation of the breathing mode where the (depleted) neutral density needs to fill the channel to a
critical level after which ionization rates increase and lead to elevated ionization and a maximum in the discharge
current.
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Fig. 6 Time-resolved TALIF measurement of neutral density during period of HET breathing-mode
fluctuation (shown over 2.5 periods for visual clarity). Blue trace: Density variation based on phase analysis.
Red trace: Same density variation but time-shifted to earlier time by D=43+5 ms to account for time-of-
flight between upstream ionization region and the measurement location. Vertical dashed lines show times
approximate times of (periodic) current increase.

In future work we will more precisely determine the spatial distance between the measurement region and
ionization region (e.g., by also using probes or LIF of ions to more accurately locate the ionization region). The use
of a constant time-shift assumes a static ionization region but several studies have suggested that the ionization region
itself shifts during the oscillation [9, 16, 36]. TALIF data of the type shown here, particularly if recorded at a series
of axial locations, can contribute to understanding these phenomena, for example, the velocity and phasing of neutral
density waves will be immediately visible by tracking the time of the rising limb of neutral density (as synchronized
to the current) at different TALIF axial measurement locations.

D. Reconstructed TALIF Baseline Over the Oscillation

Our primary interest is to study the TALIF signal due to fluorescence of the neutrals but the detector (PMT)
baseline voltage also shows periodic trends versus the fluctuation. In Figure 4, each panel shows PMT voltage traces
for a given phase bin. In each panel, the baseline (pink line) is due to (non-TALIF) plasma luminosity detected by the
PMT. (Note that the dark current contribution is negligible on this scale.) Figure 7 shows a plot of the average baseline
values (again found from the data points based on the groupings of #=100 raw traces) plotted versus the discharge
current oscillation. We observe that the TALIF baseline, which is just optical emission from the plasma recorded
through the filters, correlates closely with discharge current. Because the emission derives from excited states of the
plasma, it is reasonable that the emission will be closely linked to the current since elevated electron density and
temperature generate the plasma excited states. This type of plasma luminosity can be collected quite easily (even
with no laser) and there may be some utility in using it as a marker (or check) for discharge current.
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Fig. 7 Time-resolved TALIF baseline during period of HET breathing-mode fluctuation.

E. Reference Cells

The TALIF measurements presented in this contribution are relative measurements (proportional to neutral Kr
density). Future work will use a calibration approach based on scaling TALIF signals collected from known-density
reference cells (with the same beam delivery and signal collection). We have two reference cells filled with a gas
mixture of Krypton and Argon at two known concentrations. The Ar acts as a buffer gas and makes the overall cell
pressure higher and more amenable to practical filling. The molar concentration of Kr within the mix is 1000 ppm.
The high-density cell is at 100 mTorr (at room temperature) corresponding to Kr density of 3.24x10'? cm™, while the
low-density cell is at 10 mTorr giving a density on the order of 3.24x10!! ¢cm™. As shown in Figure 8, the cells have
Brewster windows to couple the light in and out with minimal spurious reflections, and flat fused-silica windows on
the side for collection of TALIF light.
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Fig. 8 Schematic diagram of reference cell design. (Dimensions in mm.)

The right of left of Figure 9 shows a TALIF wavelength scan across the Kr absorption feature clearly showing the
resonance. The data was collected using the same beam delivery and light collection as used in the TALIF experiments,
and future work will use this approach to quantify measured TALIF signals. We can also use the reference cells for
studies of how the TALIF signal depends on laser energy and we can compare those results with our rate-equation
modeling [37]. The right of Figure 9 shows an initial study of TALIF signal versus laser energy. Most of our
experiments are performed in the laser energy range of ~1.5-2 mJ where the measurements show a nearly linear signal
dependence on energy (consistent with the model). The energy dependence shows positive curvature at very low
energies, expected due to the quadratic nature of the 2-photon absorption step, and then appear to have some roll-off
at the highest energies which may be due to increasing the photoionization loss (with goes roughly as intensity cubed
due to the 2+1 ionization process).
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Fig. 9 Left: TALIF wavelength scan of high-density cell. Right: Energy dependence study of TALIF
signal from high-density cell.

IV. Conclusion

We have presented a new and simple method for making temporally (phase-) resolved measurements in plasma
thrusters based on data obtained with low repetition-rate pulsed lasers. The method is demonstrated here for TALIF
measurements of neutral (Kr) atom density within the plume of a HET. Measurements presented in this work are
proportional to neutral Kr density but are relative measurements. Future work will provide absolute Kr densities by
scaling against signals from calibrated reference cells. The time-resolved measurements show pronounced density
variations over the period of the breathing mode, and the high contrast is likely connected to the quite strong and
periodic current fluctuations of the studied thruster.

The approach should afford many avenues for future research in connection with unraveling the complex physics
of plasma oscillations, and the Hall thruster breathing mode in particular. For example, it will be very interesting to
perform similar measurements at a series of axial positions along the thruster center line. Each measurement will be
referenced against the same current fluctuation, such that the measurements at different locations will be phase-
referenced to each other. Such data should directly show the wave motion of neutrals along the thruster axis. Another
line of investigation will be to examine how the breathing mode oscillations, and associated neutral density
fluctuations, vary with chamber background pressure, which will be important in connection with understanding the
facility effects associated terrestrial testing and differences from in-space operation.
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