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ABSTRACT

BARIUM SENSING IN HOLLOW CATHODE PLASMA USING CAVITY RING-DOWN

SPECTROSCOPY (CRDS)

Hollow cathodes (HCs) are ion propulsion devices commonly paired with Hall Effect
Thrusters (HETs), which are devices of increasing importance in the ion propulsion community.
Barium Oxide (BaO) cathodes are known to emit barium when operating under high-temperature
conditions. Understanding barium densities in the cathode plasma provides experimental guidance
for NASA barium modeling, including understanding of the physical characteristics and lifetime
of the cathode. Based on modeling work, expected barium densities are ~10'° cm™. A sensitive
diagnostic is required such as CRDS. In this work, the detection of barium from the thermionic
emitter of the Mark II 25 A BaO HC using the laser diagnostic technique of cavity ring-down
spectroscopy (CRDS) is presented. CRDS detects ground state neutral barium via absorption of
the probe laser beam in the vicinity of 553.548 nm (air wavelength). The cathode CRDS
measurements are performed along the axis of the cathode since that is the control volume of
interest. We report barium density as a function of heater current (plasma off) with results showing
an approximately exponential density increase with current. Further parameters of study include
keeper current, anode current (with the cathode operating), and propellant flow values. The
measured signal-to-noise allows estimation of the barium density detection limit as ~10° cm™ in
the present configuration.

An appendix to this work addresses the need for a diagnostic technique to measure krypton

neutrals in HC plumes. In the krypton study, we enhance the krypton Two-Photon Absorption

il



Laser Induced Fluorescence (TALIF) technique and apply it to a BaO HC plasma. We utilize a
dye laser at 212.6 nm to excite TALIF fluorescence within the plume, with the fluorescence
detected at 758.7 nm. We present spatial maps for krypton neutral densities at a cathode flow rate
of 7.5 sccm and anode currents of 5A and 13A. These measurements provide insights into facility
effects related to cathode coupling and cathode physics, such as the collisional damping of
instabilities. Additionally, we discuss how plasma characteristics, including spot versus plume

mode, and plasma luminosity, are influenced.
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Chapter 1- Introduction

1.1 Introduction to Ion Propulsion

Ion propulsion (also known as electric propulsion) is a growing field of study in the
aerospace industry. Research involving ion propulsion dates to the early 1900s, but the first
experimental ion thruster prototypes were not flown until the 1960s by both the USA and Russian
space programs [1]. Beginning in the 1970s, significant use of ion thrusters began, including use
cases such as thrusters used for satellite station-keeping [1]. Although station-keeping is a common
use case for ion propulsion, interest has also grown in ion propulsion as a deep-space mission
propulsion method that offers high efficiency and high Av. The Av factors are stated in equation
(1), in which Isp is specific impulse, g gravity, mq delivered mass, and m,, propellant mass). Note
that for an ion propulsion device, Isp is quite large, as high as 7000 s, which is a function of the
higher exit velocities that are also characteristic of the device [1]. Use cases include such recent

missions as NASA’s DAWN and DART [2,3].

mg+my

Av = (Isp*g)In (—) (1)

mq

A leading ion thruster type for such missions is the Hall Effect Thruster (HET), which was
utilized on recent missions such as Psyche [4], and is a major component of the propulsion system
for the Advanced Electric Propulsion System that will be used on the Artemis missions [5]. HETs
are paired with HCs, with the cathodes providing the electrons necessary for the Hall effect [1].
HETSs operate with less efficiency and lower specific impulse than that of some ion devices such
as gridded ion thrusters, but HETs produce higher thrust per unit of power, and are overall simpler

devices to operate [1].



zzza

Cathode Gas Feed ——» z 1 (i

Hollow Cathode

O

Ancde

B
Gas ¢ XeO —= ¢ l
Feed ———— X0

4

Thruster Center Line

_______ p— S -
Insulator
Y
Xe® —= E‘B® e
N Xg* —
\\
Anode N

Figure 1. HET showing Hall current and cathode

[1].

Features of HET operation are
shown here, in Figures 1-3. A magnetic
field is induced across the thruster, and gas
propellant, often a noble gas such as
krypton or xenon, is fed into the thruster
primarily through the anode, with a small
percentage through the cathode. The
cathode is most often located offset from
the thruster face as shown and is the

electron source. The electrons are attracted

to the anode’s positive charge, but due to the magnetic field are slowed from reaching the anode.

In this process, the electrons begin to spin around the thruster center, following the ExB direction

and producing what is known as the Hall current. The electrons collide with the propellant atoms,

and produce ions, which are accelerated away from the anode by the positive bias, providing the

thrust [1].

The cathode serves two main roles, both by producing electrons. One, to produce ions as

mentioned above. Two, to balance charges on the spacecraft, since otherwise a negative charge

build up would occur as the thruster emits ions [1].

HCs provide the electrons from a low work-function material inside the cathode, as seen in

Figure 2, where the material is the barium-impregnated emitter.
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Barium-impregnated Emitter

Figure 2. HC geometry, showing insert region, with low work-function material [1].

The choice of a low work-function material is important, to avoid extreme temperatures that would
otherwise be necessary to release electrons. The necessary temperatures of ~2600 K seen in early

designs have been improved to ~1400 K in current designs by using BaO emitters.

Typical materials for cathode emitters include cermet, lanthanum hexaboride (LaBg), and
BaO [6]. Of the three materials mentioned, BaO has the lowest work function of 2.06 eV [6].
However, of the insert materials mentioned above, BaO has the greatest risk of poisoning, due to
the need for a barium dipole, which lowers the work function by reacting with tungsten, which is
a substrate material present in BaO cathode emitters [6]. BaO emitters react with H,O vapor and
atmospheric gases including O to form tungstates on the emitter, which shorten the life of the
cathode [7]. Therefore, care must be taken to avoid poisoning the cathode via either atmospheric

exposure or impurities from leaks in the gas feed system.

A typical cathode with heater and keeper is shown in Figure 3 below. Here the gas
propellant feeds in from the left, enters the insert area, in which the low-work function emitter

releases electrons. The newly formed plasma exits the orifice on the right to the anode downstream.
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Figure 3. HC assembly, with heater, cathode, and keeper [1].

The BaO emitter releases barium as an exponential function of temperature, due to
evaporation from the barium emitter, and also due to sputtering, such as that caused by ion charge-
exchange reactions and plasma-heating [8]. Although BaO emitters do have contamination risks
as mentioned above, they are used in many applications for ion propulsion due to their resilience
against erosion. Overall, better understanding of the chemical processes that are involved with the
electron emitter surface chemistry evolution and operating temperature would better inform future
use cases for NASA ion propulsion applications. Particularly, it would be valuable to measure the
densities of species that are emitted within the cathode plasma, in order to provide experimental
results for cathode modeling. Measuring barium will provide the experimental results as mentioned

above, while also potentially enabling a cathode lifetime characterization tool.

Measuring barium densities within cathode plasma is challenging because the barium
population values are low, needing a very sensitive measurement capability, and also because
cathodes are compact, liming access to the cathode interior. Despite these issues, some

measurements have been made of neutral barium within cathodes. Crofton et. al. measured neutral



barium using a FM spectroscopic technique, as emitted by the cathode heater [9]. However, their

detection limit was ~10% cm™, while laser diagnostic techniques can measure ~10°[9,10].

A technique that allows for high measurement sensitivity and access to difficult
measurement volumes would solve both challenges. In the next section, CRDS as laser diagnostic

for achieving these goals is introduced.

1.2 Introduction to Cavity Ring-Down Spectroscopy (CRDS)

Laser absorption spectroscopy is a laser diagnostic, which uses a laser tuned to the resonant
wavelength of an absorbing medium. The laser propagates through the medium, and the light
intensity is attenuated. This change in light intensity is multiplied using some form of
photodetector. This intensity change can be used to calculate the density of the absorbing medium.
The main limitation of this method is using only one pass of the laser light through the medium,

limiting the sensitivity of the diagnostic, and hence the detection limit.

A laser diagnostic of choice in lower population density environments is Cavity Ring-
Down Spectroscopy (CRDS). CRDS works by introducing two high-reflectivity (HR) mirrors into
the laser beam path, to form an optical cavity. The mirrors have a high reflectivity, ~99.99% for
most typical applications. The reflectivity is the limiting factor for the number of passes the beam
achieves through the medium, and therefore the optical cavity length. The light that enters the
optical cavity in the absence of an absorbing medium does eventually leave the cavity through
leakage through the mirrors. If the optical decay, which is also termed the ring-down, is measured,
the reflectivity of the mirrors may be measured. The relevant equation for this ring-down value is

as given below in equation (2):

(2)

t
Loyt = Iy exp [— ;], where 7, = e



where I,,; is the decaying beam intensity exiting the cavity, / is the cavity length, I is the initial
beam intensity, ¢ is time, R is cavity mirror reflectivity, c is speed of light, and 7 is the empty-

cavity ring-down time [11].

So far the measurement of the mirror reflectivity and the meaning of the ring-down 7 has
been considered. Once an absorbing medium is inserted, the resulting ring-down will give the
absorption value. This is done by bringing the laser to a resonant wavelength for the absorber,

which will give a new, lower ring-down time, t, as follows:

1
T(v)

= g [f k(c,v)dx + (1 —R)] 3)

where £ is the sample absorption coefficient, v is the laser frequency [12], and the x-integration
is over the length where the absorber is present. An important value is mirror loss, which can occur
from both absorption and scattering, given by the term 1 — R. We can generally assume that the
laser lineshape may be given as a function of frequency, L(v), in which case we can calculate the

effective absorption coefficient, k.sf, as follows:

kepr(v) = f_oooo dv'L(v' —v)k@"). 4)

A typical approach is to tune the laser over the absorption line, allowing measurement of both 7,
and 7, of which the difference of the reciprocals are used to calculate the dimensionless sample

absorbance abseyy:

1 1

[T(v) - ;] (%)

l
c

abseff(v) = labskeff(v) =



where [, is the length of the absorption volume. See figure 4 for an example of this ring-down

difference as caused by an absorbing medium.

Considering the effect of placing an absorbing sample within the optical cavity, the ring-
down time is seen to decrease, and the resulting number density of the sample can be calculated
by multiplying the absorbance from equation (5) by the necessary spectral constants. The path-

integrated number density of the absorber is as follows:

. p2,
me:ﬂnii%UﬁmﬁﬂﬂM] (6)

where [ N;dx is the absorber number density integrated along the beam, g; and g, are
degeneracies, vy; is the transition frequency, Ay; is the Einstein coefficient of the transition, and
Jabs.sr(v)dv is the area of the measured absorption spectrum. For our species of interest, the

barium transition, the spectroscopic parameters are as follows: gi = 1, gk = 3, Aki = 1.19x108 57!, wii

=5.41x10" Hz [13].
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Figure 4. Schematic of a typical 2-mirror CRDS optical cavity with resulting ring-down
decay profiles.

Our lab group has used CRDS in many studies related to ion propulsion, including
sputtered metal surfaces [12], erosion studies of Hall thruster insulator channels [14—16], and a
recent proof-of-principle using a lower power, heaterless BaO cathode [10]. Most recently, work
using a CRDS diagnostic for cathode measurements using a higher-power (Mark II, 25 A class)
cathode that is a component of the NASA’s Advanced Electric Propulsion System (AEPS) has
been completed, the cathode being described in work by Peterson et. al. [5]. This measurement has
been made along the cathode axis by positioning the cathode to emit plasma toward the
downstream mirror of the optical cavity, accessing the region within the cathode interior. Such a
measurement is challenging due to the presence in the optical cavity of greater heat-loading, and
radiative (and particle) fluxes, which can and often do degrade CRDS measurements. However,
only measuring barium with the plasma plume would not provide the same understanding of the
physics and plasma formation in the insert region, which is the primary focus of barium modeling
efforts, making the increased experimental difficulty of barium measurements in the cathode

interior worthwhile.

Overall, the barium work that is the focus of this thesis was done to support the modeling
efforts of relevant 25A HC physics, such as barium transport modeling done by Polk et. al. [17].

The parameter studies of this work focus on cathode operating conditions that were used for



missions such as the HERMeS [18]. Here the parameters of interest of which barium density may
be a function include the anode current used in the cathode-to-anode coupling, the flow rate of the
krypton gas propellant, and cathode temperature, which is a function of both the current and flow

parameters [19].

The rest of this thesis will focus on barium density measurements using CRDS. This work
is followed by an appendix in which a laser diagnostic called two-photon laser induced
fluorescence (TALIF) is used to measure krypton neutral densities in a cathode plume. TALIF will

be introduced in the appendix introduction.

1.3 Thesis Objective

The main objective of this thesis is as follows: to develop a cathode testbed, that allows the
necessary cathode conditioning and optical access; to build a robust CRDS optical cavity that
allows consistent data collection; to enable barium density measurements within the HC plasma
under various parameter conditions such as anode current and propellant flow rate, using CRDS.

The rest of the thesis is laid out accordingly:

Section two: give the CRDS optical setup, and the cathode mounting system

e Section three: state experimental results, including relevant parametric studies, including
anode current and propellant flow, and compare results to relevant models

e In appendix, introduce TALIF and give the optical setup

e In appendix, show krypton TALIF measurements and krypton spatial mapping

e In appendix, discuss possible plume-to-spot mode transitions



Chapter 2- Experimental Setup

2.1 Optical Experimental Setup

The optical setup for the CRDS cathode measurements is shown below in Figure 5. Here
the optical line of sight of the laser beam probes down the cathode hollow barrel. The dye laser is

tuned to the region of the strong barium absorption line of 553.548 nm.

The laser beam used is generated with a dual laser system including a pump laser Nd:YAG
(Continuum Powerlite 8010) that pumps the tunable dye laser mentioned above (Sirah
CobraStretch). The CobraStretch uses a pyrromethene 580 dye (ethanol solvent). The laser output
beam is ~2 mJ when leaving the dye laser, but is decreases to as low as ~70-100 uJ by the variable
attenuator, which is composed of an iris to clean up any beam irregularities, a half-wave plate, and
a polarizing cube. The laser energy is directed into the optical cavity with a periscope, since
polarity is not critical to this study. The beam diameter is ~3-4 mm in diameter, which is
sufficiently narrow for avoiding significant clipping on the interior diameter of the cathode, since

the beam is fairly Gaussian in shape.

The optical cavity consists of the two ~99.99% reflective HR mirrors, which have a central
reflectivity centered at 532 nm. The optical cavity is ~83.2 cm long, with this value including an
extender arm ~16.5 cm long on the downstream side of the vacuum chamber. This arm creates a
longer cavity, and also protects the HR mirror from plasma exposure and sputtered particles by
creating a longer path for the plasma and particles to travel. The extender arm also proved
protection to the mirror by providing room for the installation of two metal baffles with inner
diameters of ~6 mm and ~10 mm, which collect plasma and contaminants while still allowing

optical access. Since CRDS signals are weak due to the high reflectivity of the optical cavity, the

10



signal exiting the optical cavity must be magnified. In our case, the signal is detected with a
photomultiplier tube (PMT, Hamamatsu R9110), which is operated with a gain of ~10°. The
presence of luminous plasma could easily overwhelm the signal, if not for the use of the
wavelength passband (part) filter centered at 550 nm, with FWHM of 10 nm. To speed up the data
collection and allow for quicker data monitoring, the CRDS signals are recorded by a custom
LabVIEW program, in which log fitting of the ring-down time, 7, is provided for each laser shot,
and each data collection is triggered by the photodiode that detects the split-off laser beam from
an optical mirror. The data points are collected as the laser is tuned across the absorption line, with
50 waveforms collected and averaged, with the resulting ring-down then fitted to the resulting
decay trace. In the data presented here, the dye laser is scanned from 553.536 nm to 553.562 nm,

with tuning speed of 0.005 nm/minute.

: Nd:YAG pump beam
: Dye Laser

: Steering Mirror

: Photodiode Trigger
: Variable Attenuator
Iris

: HR Mirror

: Baffles

9: BaO Hollow Cathode
10: Anode

11: PMT

12: Oscilloscope

13: Computer

14: Vacuum Chamber
15: Wavelength Meter
16: Krypton Tank

17: Mass Flow Controller

ONQU A WN R

Figure 5. Optical layout of CRDS experiment. The CRDS optical axis is aligned along the
centerline of the BaO HC with cavity high reflectivity (HR) mirrors surrounding the cathode.
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2.2 HC Mount and Operating Conditions

Past work of our laboratory group has used a lower-power, heaterless BaO cathode for
CRDS diagnostics, and further work using that cathode for TALIF will be mentioned in this
work’s appendix [10]. However, as mentioned above, the most relevant study for verifying
modeling work is to use a mounting setup for the Mark II 25 A BaO HC that allows optical

access down the axis of the cathode (see figure 6). The cathode is grounded, as the focus of this

Figure 6. HC mounting system, vacuum chamber, HR mirror, and propellant flow system.

work is barium detection versus rigorously matching flight (floating) cathode conditions. In this
mounting setup, the robustness of the cathode alignment is enhanced via adjustable HR mirror
mounts. It is worth noting that aiming the plasma from this higher-current device directly at an

HR mirror leads to great challenges in CRDS, that the previously mentioned jig, extender arm,

12



and adjustable HR mirrors cannot completely overcome. During the transition from empty

cavity to plasma-on conditions, decreases as great as 4x in T values have been seen.

A detailed view of the cathode mounting arrangement is as shown in Figure 7, with the

green line showing the optical beam path, and barium densities measured along this path using

the integrated techniques as stated in Section 1.2. There are three thermocouples spot-welded to

three different locations on the outside of the cathode, inside the keeper, with one placed directly

on the cathode orifice plate (TC1), one ~1 mm upstream (or towards the left in Figure 7) of the

Figure 7. HC with running plasma, with green line
representing the position of the CRDS laser beam.

Red crosses show approximate axial location of the
thermocouples, inside the keeper.

heater (TC2), and one in the middle of
the cathode or approximately 15 mm
upstream of the heater (TC3). The
approximate axial locations of the
thermocouples are indicated by the red
crosses in Figure 7, but with the TCs
actually within the keeper. During the
experiments,  TClI encountered
reliability issues due to the challenge
of achieving good spot welds in such a
high-temperature plasma environ-

ment, and TC3 did not give the highest

(most relevant) temperatures due to its location further away from the plasma. TC2 was the

thermocouple that gave the most consistent values, and therefore the temperature data in this

work are measured using it.
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To help prevent cathode poisoning, the cathode was conditioned using the heater. Turning
on heater currents of 3.85 and 7.20 A, for 3 and 1 hour, respectively, was done each time the

cathode was brought down to vacuum.

In this work, several studies of barium density are conducted, with typical values of the
heater current from 6-7.6 A, with voltages ~12-18 V; anode currents from ~5-25 A and voltages
from ~20-38 V; and keeper currents from 0-1.7A, with voltages ~11-17 V. The pumps for the
chamber include both a roughing pump and a turbomolecular pump (Agilent TV 1001). Using
the turbomolecular pump at full power, the base pressure of the chamber is ~10¢ torr, with a
minimum value achieved of ~107 torr, with operating pressures of ~3x10* torr when using the
krypton propellant at flow rates considered in this work. The propellant is pure krypton, used
since its properties are similar to xenon, and a mass flow controller (Brooks GF120) is used to

control the flow rates of interest, ~5-40 sccm.
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Chapter 3- Barium CRDS Results

3.1 Example Ba Spectrum and Ba Density Analysis

A sample spectra scan using the scan of the dye laser over the relevant wavelengths is
shown in Figure 8. The target is again 553.548 nm, here given as normalized frequencies. The
cathode is run only with the heater, at 7.6 A and no propellant flow, resulting in a clear absorption
at the relevant frequency. Using equation (4), we are able to subtract the background and set a
baseline as necessary. The empty cavity loss results in an absorbance of ~250 parts-per-million
(ppm), corresponding to mirror R of ~0.99975. The baseline noise is ~5 ppm, due to the optical
sensitivity of CRDS. Using the equations from section 1.2, the detection limits of achievable are
10%-107 cm (over an ~11 mm path length), based on the length of the maximum barium emission
from modeling in Polk et. al [20]. Here the 11 mm path length is based on the maximum barium

emission length from modeling results in the Polk et. al. work cited above.

An example of CRDS calculations as given in Section 1.2 is as follows: the area of the
spectrum in Figure 8 is ~6.6x10° s'. Now using equation (5), a path-integrated Ba density of
~1.5x107 cm™ can be found with the relevant spectroscopic constants. As stated, the path length
can be assumed to be ~ 11 mm. So, the barium density is then found to be of ~1.4x107 cm™, and a
uniform value over the path length must be assumed, since no mapping in the axial location is
possible in this experiment. Observing the signal-to-noise to be ~10 in Figure 8, we can state the

detection limit to be ~1x10° cm™.
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Figure 8. Barium absorption spectrum at 7.6 A heater current (no flow). Vertical axis is
plotted as dimensional optical absorbance, in ppm, due to a single-pass of light through the
cavity. The horizontal axis is relative frequency centered at the 553.548 nm resonance.

3.2 Ring-Down Acquisition During Cathode Operation

Having established the detection of barium using CRDS, some practical comments on
CRDS signal acquisition during cathode operation are useful. Figure 9 shows a time-series of ring-
down times collected during cathode conditioning. This is a heater-on, cathode plasma and anode-
current-off condition, with the heater varying from 3.85 A to 7.2 A. The CRDS signal is consistent
as the heating cycle begins and continues for ~5.5 hours, which included current-on and -off
periods. Several user interventions occurred, which was important to improve the ring-down while
the heater ran, with one significant drop at around 180 minutes that was fixed quickly with HR
mirror adjustments. Here the turn-on of plasma is not shown, since the firing of the cathode in this
particular experiment caused a significant drop in T on the order of ~50% (which most likely was

caused by a particle deposition on the HR mirrors), but in more recent keeper/cathode firing
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sequences the issue has not been encountered, perhaps due to further conditioning of the cathode

and/or better HR mirror positioning.
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Figure 9. Stability of ring-down time over heating sequence, with sudden drop at around
180 minutes easily fixed by operator adjustment of HR mirror mounts.

3.3 Barium Density Dependence on Heater Current and Anode Current

The parameters most relevant to the ion propulsion community that affect HC barium density
are current and propellant flow rate. Our first study shows barium density as function of heater
current, as seen in Figure 10, noting that the temperatures of the cathode were ~769-938 °C as
recorded by TC2. As expected, barium density increases as the current increases. The literature
including work from Goebel et. al., and Hall et. al., indicates such a trend, in which anode current
is positively correlated with cathode temperature, and barium emission is understood to be a
positive function of cathode temperature [1,19]. It is noted that modeling work gives barium values
~10'% ¢cm, and the values reported here are three orders of magnitude smaller. A relevant
consideration that may help explain this lack of agreement between experimental and modeling

work is that the laser beam center is centered to the very middle of the on-axis location, and will
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not be able to detect barium that does not transport out to the middle of the cathode barrel [20].

Barium values may be on the order of magnitude that is expected closer to the insert.

While most of the other studies in this work have 10% error, this heater study was less
repeatable, and showed ~20% error. Also, the fit of the data trend matches literature including

work from Crofton et. al. [9], which also exhibits an exponential trend.
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Figure 10. Barium density as a function of heater current (no flow).

Our second study was to leave the heater on at 7.6 A and step the keeper over increasing
currents. As seen in Figure 11, the presence of keeper plasma correlated with lowered values of
barium density, noting that the turn-on of current caused the largest drop in barium. It is likely that
the lower barium values are caused by the ionization of the barium. We assign error bars of 10%

for this study and throughout the rest of the barium work, based on experimental reproducibility.
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Figure 11. Barium density as a function of keeper current, with heater at 7.6 A

Our next study was to turn on the cathode via inducing a potential difference between the
cathode and anode and observing the impact of varying the anode current and the corresponding
barium density. In Figure 12, we see barium density traces as a function of anode current. Barium
density shows a positive correlation to anode current, with the greatest increase in barium from

current 20 A to 25 A.
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Figure 12. Barium density as a function of anode current at flow rate of 14.8 sccm.
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In Figure 13, a study of barium density as a function of propellant flow rates is shown.

Note that while the 20 A study was done sequentially, the 10 A study was done on different days,
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Figure 13. Barium as a function of propellant flow, with anode current as 20 A on the
left, 10 A on the right.

but with otherwise nominally the same conditions. A clear downward trend is seen in the 10 A
study, but not in the 20 A study. There is large disagreement at the 7 sccm flow condition for the
20 A study, but the 10 A study shows similar trends, indicating a possible inverse relationship

between the flow and barium density.

It would be useful if our CRDS technique could give information from signal broadening,
such as temperature values. In Figure 14 below, a comparison of FWHM of the signal with
temperature from TC2 is given, but the opposite trend is found to what theory would suggest, in

that higher temperatures should broaden signal.
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Figure 14. Comparison of cathode temperature and FWHM of signal over anode current
trace. Inverse trend seen here.

In Figure 15, sample cathode performance metrics are plotted. We tracked the coupling
voltage between the cathode and anode for various anode currents, revealing that with a current

increase, the coupling voltage decreases slightly, matching with literature. In the literature, turning
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Figure 15. Cathode temperature and coupling potential as functions of propellant flow and
anode current.

up anode current in the NSTAR cathode allows more electrons to overcome the voltage resistance
of the cathode plasma sheath, which then correlates with lower plasma sheath voltages at that
current condition [1]. When considering the coupling voltage as a function of propellant flow,
higher flow enables increased coupling from cathode to anode. Also in Figure 15, the effect of
anode current and propellant flow on cathode temperatures was tracked using thermocouple TC2.
We find cathode temperature to be a positively correlated function of higher anode currents, and a
negatively correlated function of flow rates, trends that match the literature as mentioned above

[1,19,21].

22



Also interesting would be a further demonstration that plasma production ionizes barium
and increases T values, due to the reduction in barium absorption. Such a study may be done by
setting the laser to the central barium absorption wavelength, and turning plasma on and off. In
Figure 16 we see that as plasma is turned on, the 7 value increases, although followed by a quick
drop in 7 as there are complications possibly due to both the addition of heat in the optical cavity,
and greater quenching because of plasma in the cavity. When the plasma is turned off, T drops as
barium in the cavity increases. Then, since the cathode begins to rapidly cool and corresponding
barium emission drops, T increases, followed by the cathode heater being turned back on, leading
to a gradual decrease in T as cathode temperature and barium emission increases. With the heater

off ~5 minutes after this experiment, t is back at the nominal, no-barium 7 value.
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turned back on
after 2 points
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Figure 16. T study as function of plasma condition (and barium presence).

It would be beneficial for future experiments if a characterization of barium density could
be made from the difference between the baseline of our ring-down signatures and the minimum

T value. If T as a value for a certain value of barium density could be found with confidence, the
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time-intensive scans over the absorption feature could be avoided. Such a comparison is plotted in

Figure 17, using the data from the anode current data trace in Figure 12.
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Figure 17. Traces of barium density and 7 difference as functions of anode current.

Here we see that in this example, barium density and 7 track well together, encouraging
the possibility of future experiments being run with the laser parked at the central absorption
wavelength, particularly if a barium density calibration device was built that is similar to the
krypton reference cells used in TALIF krypton-detection studies done by our lab [22]. Note that
the 7 error bars are 15% since the repeatability of the t difference is less than most of the data

presented here.

Finally, the CRDS setup was utilized to attempt to detect ground state barium neutrals at a
nearby absorption line of 551.904 nm [12]. Here, no barium was detected, likely due to the lower

absorption coefficient of 5.7 107 [12]. The lack of absorption is seen in Figure 18, where the
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theoretical detection limit of ~6.4 10* cm™ is calculated based on the absorption feature that would
match the data spread. Of course, this detection limit is ~1.5 orders magnitude lower than the
theoretical detection limit reported in section 3.1, so care must be taken in basing decisions on this
value. The width of the absorption is calculated using the typical FWHM of ~3 GHz found for

much of the barium work.
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Figure 18. Data with only noise (no neutral barium) seen at 551.904 nm central scan. The
absorbance fit allows a calculation of what barium density should be detectable.

3.4 CRDS Krypton Neutral Detection

In this last section, the detection of krypton neutrals using CRDS is discussed, at the wavelength
of 552.118 nm. This is an extremely weak line, and the krypton is in an excited state, of 92,964
(cm™), or 4s?4p3(>p°312)5p [13]. Although calculating the krypton density in the same way that
was done in the prior sections of Chapter 3 would be useful to our analysis, it is impossible

currently because no Einstein coefficient is known for this absorption line.
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Figure 19. Absorbance plotted as function of wavelength scan over 552.118 nm, a weak
absorption line for energized krypton.

Therefore, we will only give the absorption figure as shown here in Figure 19, in which
the ring-down value drops as we tune the laser over the resonant wavelength. The cathode used
is a heaterless, CSU Electric Propulsion and Plasma Engineering (CEPPE) designed cathode, and
the probe beam enters the plasma in the outer plume only, due to the lack of optical line-of-sight,
as mentioned in past papers such as our work presented in past conferences [10]. The cathode

conditions are 5 A and 10 sccm krypton flow rate for this absorption feature.

3.5 Discussion

The focus of this thesis is on measurements of a Mark II 25 A cathode, both of barium
density and performance data. Path-integrated measurements of barium are made along the optical
path including within the interior of the cathode, enabling better understanding of the barium

performance in the plasma in-line with the optical cavity. Experimental results at conditions
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relevant to the ion propulsion community are given, including parameter studies for heater, keeper,
and anode current, and also a propellant flow study.

The high sensitivity of the CRDS technique has been demonstrated, with a detection limit
of species of ~10% cm. Since temperature of the cathode is considered a proxy for barium density,
and the temperature of the cathode positively correlates with higher anode currents, and drops with
higher flow rates, we expect barium density to have similar relationships with these parameters.
Overall, we do see these results. The propellant flow study is less repeatable at the constant 20 A
anode current condition versus the 10 A anode current study. Work by Goebel and Hall does back
up these results, as mentioned in section 3.3 [1,19]. One item of note is that some literature predicts
barium densities on the order of ~108-10'° ¢cm™, but in this study, data has shown densities
considerably lower, ~107 cm™ [17,20]. More work to understand the discrepancy is needed. Some
potential issues could be as follows: the cathode may have reduced barium emission due to cathode
lifetime [23], laser linewidth effects that will influence signals in pulsed-laser CRDS [24], and
possible optical saturation (bleaching). Keeper current trends match well with work by Crofton et.
al., although Crofton does report a peak barium density of ~1x10%, two orders of magnitude greater
than our peak value [9]. For the cathode performance metrics, the expected inverse relationship
between anode potential and both current and propellant flow matches as shown in Goebel hold
true, with higher currents allowing for emission of electrons with a lower cathode plasma sheath

potential [1].

27



Chapter 4- Conclusion and Future Work

Overall, the CRDS diagnostic optical testbed shows its robustness as a species
measurement tool in HC plumes. Work should continue to develop the diagnostic as a cathode-
lifetime characterization tool, allowing potential simplifications of cathode preparation steps, such
as reducing time-intensive bakeout procedures for the gas feedline, and shortening of the cathode
conditioning process. This could be done by testing the effect of systematically eliminating steps
of the preparation process, and observing any consequent variation in barium emission. In general,
lower barium densities should signal a decrease in cathode lifetime. Perhaps such a diagnostic
would allow a quantitative characterization of cathode barium emitter percentage of life remaining,
which could be used as part of pre-flight test procedures.

Further tests with the Mark II 25 A cathode could include the following areas. Based on
the sensitivity and robustness of the CRDS barium measurements, CRDS detection in the plume
of the cathode mounted vertically would likely be effective, in that expected lower barium densities
would still be detectable as plasma sputtering on the HR mirrors would be minimal compared to
that present in the current down-barrel, horizonal mounting of the cathode. Mounting the cathode
on a 2D stage would enable 2-D barium spatial maps, similar to prior krypton work from our lab
[25]. Also, work in understanding barium densities during transitions to plume modes would be of
interest. The author has qualitatively noted that operating at propellant-lean conditions such as 25
A and ~8 sccm or lower propellant flow may cause the cathode to enter a plume mode, but it is
challenging to make barium measurements at such conditions since the background noise from
plasma luminosity greatly increases, endangering the PMT [26]. Such work may be done by

lowering the PMT setting and raising laser energy as necessary, although oversaturation of signal
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may become a concern. Doing this study in a time-resolved manner and in concert with probe
diagnostics would also be of interest, although the slow speed of barium spectral scans (~6
minutes) would create a challenge. Parking the laser at the resonant wavelength and using the
resulting T value would potentially obviate this issue, as long as high confidence is maintained in
this measurement being truly representative of barium density. Measuring barium densities while
including a magnetic field condition such as that found in a Hall thruster environment would be a
logical next step. Finally, further work to measure the Ba* ion density could be done using a probe

wavelength of 455.531 nm (vacuum) [13].
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Appendix: Spatially Resolved Krypton Neutral Measurements using Two-
Photon Absorption Laser Induced Fluorescence (TALIF)

A.1 Introduction

The main section of this thesis focused on barium density measurements in the plasma
plume of a 25 A HC. It is also worth discussing the densities of other neutral species in the plasma
plume of a HC, namely the density of krypton neutrals in a krypton-fueled cathode. This appendix

gives such a study.

As mentioned in the introduction, electric thrusters are used for many applications, from
satellite keeping [1,27] to deep-space exploration missions [1,28,29]. The low fuel mass and high
specific impulse [1] enable long missions [29]. The importance of HCs for HETs has been
mentioned in the introduction, with much research done in this area to model relevant physics and

performance [17,30-32].

Xenon has been the propellant of choice for ion propulsion, since noble gases are inert, and
xenon specifically is high in mass [33]. With the recent increases in xenon cost, there is a need for
further data on ion propulsion devices that run on krypton instead, as that is an increasingly
common propellant gas of choice. This substitution causes small decreases in performance, with
one study finding an 8% decrease in thrust efficiency for a SPT-100 HET run on krypton [34].
Many models within the ion propulsion community need neutral propellant number density values
as an input to the model, and there is a limited amount of data with krypton as the propellant.
Focusing on the spatial density distribution of neutral krypton atoms within the plume region
downstream of the HC orifice is important for characterizing model performance, as the results

give greater understanding of propellant utilization and charge-exchange reactions (CEX), which
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are the collisions of neutrals and ionized particles. There are two main reasons for modeling CEX
reactions: measuring ion back-streaming [35] and sputtering, both of which can decrease device

lifetime.

As mentioned in the introduction, laser diagnostics are an excellent choice for plasma
diagnostics due to low perturbation of the plasma, and ability to probe difficult regions. Laser
Induced Fluorescence (LIF) is a common diagnostic within ion propulsion, for such uses as
velocity distributions [36,37]. To introduce the diagnostic, LIF uses a laser probe beam to excite
an electron of the target atom to a higher energy, which electron then de-excites, emitting radiation.
This radiation emission is detectable as a fluorescence signal [38,39]. For studies relevant to
propellant characterization, such as this work, measurement of the ground state energy level of
krypton neutrals is of most interest. However, the proper wavelength for accessing these energy
gaps for krypton neutrals would need very high-energy, low-wavelength lasers (~100-125 nm),
which are not commercially available [38]. A solution to this issue is to use Two-photon

Absorption Laser Induced Fluorescence (TALIF).

A bit of history and background on TALIF follows: Richard Zare was the first to
demonstrate TALIF in 1968. TALIF excites the atom of interest with two simultaneous photons to
achieve the needed transition from the ground state such that (available) longer wavelength (~200-
250 nm) lasers can be used [40—43]. The body of research using TALIF on ion propulsion devices
includes approximately three decades of work, such as a study in 1996 by Crofton, which found
that a 225.4 nm TALIF excitation scheme successfully detected xenon neutrals in the axial
direction within the plasma of a T5 thruster, to the order of 10!m [44]. Another set of studies
from Eichhorn et. al., has recently used 224.2 nm, 226.4 nm, and 225.4 nm schemes in xenon cold

flow [45]. More work from Crofton performed a radial and axial study of xenon neutrals in the
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plume of a Hall thruster in 2013 [46]. Recent work from our lab group successfully detected xenon
neutrals with a 222.5 nm TALIF scheme in a Hall Thruster plume, and krypton neutrals using a
214.7 nm TALIF scheme in a BaO HC [47,48]. Further work by the Eichhorn group has mapped
neutral densities of krypton in the plume of a gridded ion thruster with a TALIF scheme of 212.6
nm [38]. Recent work by our lab group focuses on characterizing breathing modes for Hall

thrusters using TALIF in a temporally-resolved scheme [22].

In this thesis appendix, TALIF is further developed for krypton applications by using the
212.6 nm excitation scheme to achieve 2-D spatial mapping of atomic, neutral krypton within the
plasma plume of a BaO HC, work that is detailed in Antozzi et. al. [25]. The rest of the study in

this appendix is laid out as follows: A.2: Experimental Setup, A.3: Results, and A.4: Discussion.

A.2 Experimental Setup
A.2.1 Optical Setup and Excitation Schemes

To generate the probe beam for this study, we use two lasers, a pump of the third harmonic
output of a Nd:YAG laser (Spectra-Physics Quanta Ray) directed into a dye laser (Sirah
PrecisionScan), that creates a tunable wavelength beam using Exalite 428 dye. The output is
doubled by a beta barium borate (BBO) crystal to ~212.6 nm, with resulting energy values up to 4
mJ. The laser output is directed through an anti-reflection window (TP01926060) into the vacuum
chamber as shown in Figure 20. Creating a beam focus is helpful so that the location of greatest
krypton excitation is identifiable as a collection volume, so a 500 mm plano-convex lens is used
to weakly focus the laser probe. The lens is placed directly outside the vacuum chamber with the
beam waist located approximately in the center of the chamber, centered directly underneath the
HC plate orifice. The resulting fluorescence signal of 758.7 nm is collected with a convex-convex

lens (Newport KBX160AR.16), along with the plasma luminous emission. This signal is fiber
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coupled with a 600 micron fiber-optic cable, and directed onto a Hamamatsu R3896 photo-
multiplier tube (PMT), the ratio of the image mapped onto the PMT being 1:1. This fiber-coupling
system allows for reduction of luminosity collection to avoid poor SNR and potential PMT
damage. For this work, we set the PMT to ~600 volts, which results in gain of ~2x10°. This setting
maximized signal strength without oversaturating the PMT [48]. Since the plasma luminosity is

quite strong, the fluorescence is filtered with a bandpass filter (Thorlabs FHB760-10).
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Figure 20. Optical Layout for TALIF.

The cathode setup is as follows: a high-current, heaterless BaO cathode that is custom-built
by the Center for Electric Propulsion and Plasma is used, vertically mounted on a two-dimensional
translation stage allowing for sub-millimeter movements in both the axial and radial directions of
the HC output. The cathode krypton flowrates in this study are in the range 3 — 15 SCCM, and are
controlled by a mass flow controller (Celerity Unit UFC-7360). The experiment required two high-
current power supplies (Sorensen DCS 600-1.7 for the keeper, and a 13 A power supply for the
anode) to power the cathode, set to constant current operation and floating voltages. The cathode

is ungrounded. The BaO cathode currents in this study are between 5 and 13 A. Our vacuum
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chamber is approximately spherical, and has dimensions of 60 cm x 60 cm x 60 cm. The pump

used is an Agilent TV 1001 turbomolecular pump, achieving base pressures of ~10° torr. When

experiments are done at krypton flowrates ~3-15 sccm as done for the data in this appendix, the

chamber will reach pressures of ~0.5 mTorr.
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The krypton TALIF excitation schemes are shown in Figure 21 above. The scheme in the figure

on left, namely 212.6 nm, is the excitation scheme that is used for most of the work in this

appendix. To track the krypton electron excitation, the electron begins at the base level 4p°® 'Sy,

then is excited by the TALIF pulse to the 5p [1/2]o level. The decay to the 5s 2[3/2]° level

produces the TALIF signal of 758.7 nm which is the basis of our TALIF signal. The 214.7 scheme

shown in the figure on the right was used in prior work by our lab group for TALIF neutral sensing

of krypton, and is briefly used in this study for a flow rate comparison (Fig. 4) [48]. Part of this

excitation is the same as the 212.6 scheme, with the krypton electron beginning at the base level

4pS!Sy, but then is excited to a different level, namely 5p 2[3/2].. Decaying to the 5s 2[3/2]% level

produces the TALIF signal of 760.2 nm.
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The data collection for this study was collected by the PMT mentioned above and then read
into the computer, where the signal was integrated using a custom Labview code. The dye laser
wavelength was tuned to the setting that gave the peak TALIF signal. Since there is a fair amount
of noise from plasma, it is desirable to maximize the signal to noise ratio. Therefore, the integrated
TALIF signal is averaged over 500 shots, based on a SNR study in previous work from our lab

group [48].

A.2.2 Excitation Scheme Comparison

Krypton has several excitation lines regimes, with the three most commonly used being
212.6 nm, 214.7 nm, and 216.7 nm. These wavelengths are favored due to their strong excitation
energy and compatibility with commercially available lasers [49]. According to Shekhtman’s
research, the 212.6 nm line is anticipated to produce the most intense peak TALIF signal
[43,49,50]. As shown in Figure 22, the 212.6 nm scheme yields an average signal approximately
five times stronger than the 214.7 nm scheme. This finding is consistent with our previous lab
work, which indicated that the 212.6 nm scheme should produce a signal about seven times greater
than the 214.7 nm scheme, thereby supporting the choice of the 212.6 nm wavelength excitation

regime for this study [43].

In Figure 22, the TALIF signals for all three excitation schemes are depicted. The 212.6
nm scheme shows a relatively linear increase in signal up to 1.4 mJ, after which it experiences a
gradual roll-off until ~3.2 mJ, followed by a plateau and slight decrease. This analysis highlights
the 216.7 nm scheme and show pronounced saturation effects compared to past work from our lab

[51].
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The 216.7 nm scheme produces weaker signals, partly due to lower detector responsivity
at 810 nm and reduced transmission through the bandpass filter. Energy error bars of 0.1 mJ reflect
laser energy fluctuations, while TALIF signal error bars of 10% account for reproducibility issues
stemming from laser energy variations, frequency-tuning drift of the dye laser, and potential minor

variations in the cathode flow field.
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Figure 22. TALIF Energy Schemes Signal Strength Comparison.

Overall, the data in presented in this thesis appendix is collected using the 212.6 nm
excitation scheme. The laser energy was set to ~2.0 mJ, as that energy maximizes the signal

response while also considering factors such as dye lifetime.
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A.3 Results
A.3.1 Cold Flow Results

The study author conducted a series of cold flow measurements (with the cathode turned
off) to characterize the cathode flow and diagnostic system before taking measurements with the
operating cathode. Figure 23 displays radial profiles at a position 1 cm below the cathode for flow
rates of 0, 5, 10, and 15 SCCM. Each profile peaks near » = 0, with some minor discrepancies due
to zeroing errors in our stage system, and shows a relatively symmetric decay at higher radial
values. The peak value (at » = 0) of each profile increases approximately linearly with chamber
pressure, which rises roughly in proportion to flow rate due to our limited pumping speed. This

linear relationship between pressure and flow rate aligns with our lab’s previous findings [47,48].

The author selected a flow rate of 7.5 SCCM for our spatial-mapping study because it
scales well with peak anode power supply operating currents of 13 A. This flow rate is comparable
to conditions used for Hall thrusters in electric propulsion environments at CSU, while also
ensuring a sufficient signal-to-noise ratio [48]. In this study, the author used both 5 A and 13 A
currents: 5 A corresponds to a propellant-rich regime, and 13 A to a propellant-lean regime, both

relevant to the electric propulsion community.

In the radial plots in Figure 23 for both cold flow and plasma (discussed in the next
subsection), error bars on the radial axis account for the radial translation stage movement error of
approximately 2 mm, which is consistently applied throughout this paper. TALIF signal error bars
are based on fluctuations in the dye laser and peak frequency tuning. For these plots, y-direction
error bars are included to represent TALIF signal variations: 15% for z> 1 cm and 20% closer to

the HC orifice, due to the sensitivity of flow, plasma ionization, and luminosity in that region.
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Figure 23. Comparison of Cold Flow Rate and Resulting TALIF Signal Strength for Radial
Scans

To begin the mapping of 2D krypton spatial profiles, we validated the spatial mapping of
krypton, using experimental cold gas flow data. Figure 24 shows the results of 2D TALIF
krypton neutral density mapping. The data trends with what is expected from overall flow

behavior, in that greater krypton density is seen nearest the cathode orifice.

Here there is a slight error in that the peak appears to be slightly to the right of the r =0
location, but this is likely an artifact of translation stage error on order of ~1 mm, and possible

slight misalignment of the cathode within the keeper, causing a slight deflection of the cold

krypton flow.
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Figure 24. Cold Flow Spatial Map, from z = 0.5 cm below HC to z = 2.5 cm below, oriented
with HC keeper orifice oriented above the r = 0 position. Radial data collected from r = -0.5
cm (left of HC) to r = 3.0 cm (right of HC).

A.3.2 Plasma Results

In this subsection, TALIF results for spatially resolved krypton density profiles from

operating the cathode are displayed. The cathode was operated with the anode at either
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Figure 25. On left, plasma flow at 5 A, with downward dimensions from z = 1.0 cm below
HC to z = 2.5 cm below. Color mapping represents the TALIF signal (au). Radial data
collected from r =-1.0 cm (left of HC) to r = 3.0 cm (right of HC). On right, plasma flow at
13 A, from 0.75 cm below HC to 2.5 cm below. Radial data collected from 1.0 cm left of HC
to 3.0 cm right of HC.

5 or 13 A and a krypton flow rate of 7.5 SCCM. Note that spatial maps for both conditions are

shown in Figure 25, with additional 2D ("x-y") plots provided in the appendix (Figures 26-28).

Figure 25 above indicates that in the 5 A regime, the plasma begins to create a neutral
density depletion region beneath the keeper orifice. Although the peak neutral density is
observed under the orifice, it starts to dip at the r = 0 position. Fromz=1.5cmtoz=2.5cm, a
depletion region forms, with higher neutral density nodes on either side. This trend is more
pronounced in the 13 A plasma condition, where two high-density nodes are visible beside the

keeper orifice, and a low-density channel develops directly below the r = 0 radial position.

This depletion region may be due to a decrease in neutral density caused by thermal gas
expansion [25,43,47,48,52]. However, increased ionization within the plasma plume and a
transition from "spot" mode to "plume" mode could also contribute to the observed depletion
regions. Modeling work by the Jet Propulsion Laboratory has demonstrated neutral depletion

downstream of a LaB6 HC in a propellant-lean regime [26,53]. It is important to note that not all
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studies report these depletion areas. For instance, a study of the NEXIS HC did not show
depletion zones in propellant-lean mode [54]. This discrepancy might be due to the use of an
older version of the 2-D axisymmetric Orificed Cathode (OrCa2D) model in that study, while

later studies from JPL that observed the depletion used an updated OrCa2D model.

The updates to the OrCa2D model include enhanced characterization of the transition
from low-Knudsen-number incompressible flow within the cathode to compressible, high-
Knudsen-number flow in the orifice and downstream plume [26]. These improvements allow for
more accurate modeling of neutral behavior. Additionally, the newer versions of the model
incorporate ionization and charge-exchange processes, accounting for both source and drag
effects [26]. Consequently, it is possible that these neutral depletion regions were not fully
characterized in the NEXIS study. Although determining whether a plasma is in "spot" or
"plume" mode can be straightforward by measuring the keeper voltage for fluctuations [55], the
author was unable to verify these fluctuations due to the cathode being near the end of its

operational life.

A.4 Discussion and Extra Figures

In this study, the author utilized TALIF to measure and record spatial profiles (maps) of
krypton (Kr) density. By evaluating three different wavelength excitation schemes, it was possible
to assess their signal strengths and laser energy dependencies, finding results consistent with
previous research. The research has generated spatially resolved maps of krypton flow for both
cold flow and plasma conditions, depending on cathode current. The cold flow spatial map shows
results that match expected behavior of gas flow through an orifice.

Under propellant-lean operating conditions, the author observed low-density regions of

krypton neutrals downstream of the BaO HC, particularly along the orifice centerline. These low-
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density regions may be associated with transitions between spot and plume modes, potentially
influenced by increased ionization or gas expansion due to plasma heating. These findings are
relevant for the electric propulsion community, providing insights into the physical behavior and
modeling of BaO HCs.

The spatial data presented here indicate neutral depletion in the plasma plume of a BaO
HC and will contribute to numerical modeling efforts aimed at characterizing downstream flow
fields in HCs.

In the three Figures 26-28 below, the linear plots for the spatial maps are given, allowing
a different perspective on the data presented in this study. The transition in the likely spot-to-plume

mode is still quite clear during the transition from cold flow to 5 A plasma to 13 A plasma.
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Figure 26. Cold Flow from Fig. 24 in linear format.
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5A Plasma Radial Plots
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Figure 27. Plasma 5A flow from Fig. 25 in linear format.
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Figure 28. Plasma 13A flow from Fig. 25 in linear format.
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