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Hollow cathodes (HC) are important components of several electric propulsion devices
acting as electron sources and neutralizers. Widely used barium oxide (BaO) HCs are prone
to evaporation and sputtering due to plasma-heating and collisions of ions within the channel
of the HC. Measuring the number density of the barium atoms that are emitted in the plasma
plume of the HC will help inform models of HC physics and lifetime. In this work, cavity ring-
down spectroscopy (CRDS) measurements of barium from the thermionic emitter of a
heaterless BaO HC are presented. The CRDS scheme employs a pulsed laser at ~553.7 nm
(vacuum wavelength) to access a ground state transition of barium and allows a Ba density
detection limit of ~4x10% cm™. We have performed spatial scans of barium density within the
plasma plume at a position 0.5 cm downstream from the orifice of the cathode at a current of
5 A and flow-rate of 10 sccm. An Abel inversion was used to find radial Ba density yielding a
peak value of ~1.8x10° cm™, We have also performed initial measurements of barium density
versus axial distance, anode current, and krypton flow.

I. Introduction

For outer space missions such as NASA’s Artemis, electric propulsion (EP) systems are becoming more popular
due to their high specific impulse (ISP) and overall excellent thrust-to-weight ratios. An important component of these
propulsion systems is the hollow cathode (HC) which serves as an electron source for the thruster and/or to neutralize
the emitted beam. Popular emitter materials for these HCs are barium oxide (BaO) and lanthanum hexaboride (LaBg)
due, in part, to their resilience against erosion and contamination. However, the chemical processes that govern the
electron emitter surface chemistry evolution and operating temperature are still largely unknown [1,2]. A key
measurement necessary to understand these processes is the quantification of the neutral and ion erosion products in
the plasma, both internal to the HC and in its emitted plume downstream of the orifice. This knowledge, combined
with results from simulation codes, will enable prediction of emitter erosion and cathode lifetime.

Our focus is on advancing methods to quantify barium neutrals evolved from BaO cathodes. Quantitative
diagnostics of barium in the plasma presents two major challenges: the extreme dilution of barium (neutrals and ions)
in the plasma which requires extreme measurement sensitivity, and the lack of access to the interior plasma region
given the compact geometry of the cathode assembly. Cavity Ring-Down Spectroscopy (CRDS) is a promising
technique to address these two constraints and enable the critical measurements of Ba species in the cathode inner
region and plume. The present submission builds upon our work applying CRDS to fundamental studies of sputtered
metals as well as (near) real-time measurements of sputtered boron densities from the channel of an operating Hall
thruster [3-11].

In this study we use CRDS as a detection technique for barium evolved from the thermionic emitter of a heaterless,
custom-built BaO HC. The layout of the remainder this paper is as follows: the optical layout and cathode setup are
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presented in section II. The CRDS technique and analysis methods are explained in section III, while section IV
contains experimental results, and section V gives conclusions and future work.

II. Experimental Setup

Our CRDS scheme for Ba detection is based on probing a strong absorption line at ~553.7 nm (vacuum) originating
from the ground-state. Using a line that originates from the ground state is important for a robust population estimate
since such transitions describe a very large (and temperature insensitive) fraction of the overall population. The optical
setup used for our HC CRDS is shown in Figure 1. On the air side, the laser beam is produced by an ND:YAG laser
(Continuum Powerlite 8010) pumping a dye laser (Sirah CobraStretch) using pyrromethene 580 dye (ethanol solvent)
that is tuned to ~553.7 nm. Although CRDS can use a continuous-wave (c-w) laser, this study uses a pulsed laser in
order to avoid the complexities of mode-matching, and the need to extinguish the beam with a fast-modulator and
trigger, as are needed in cw-CRDS. The laser energy intensity is controlled by the variable attenuator, which includes
a half-wave plate, iris, and polarization cube. The iris acts as a spatial filter to clean up the spatial mode of the beam.
Additional spatial filtering is provided by a spatial filter that uses a 1:4 de-magnifying telescope and a pinhole filter
[12]. Using the spatial filter and iris allow us to reduce noise (shot-to-shot variations) in the ring-down signals. The
resulting beam is focused to a waist, roughly coinciding with the center of the cavity (in the ~60 cm? spherical vacuum
chamber), using a 500 mm plano-convex lens. The optical cavity is formed from two high-reflectivity (HR) mirrors
and is 99.7 cm long including extender arms on either side (length 16.5 cm). The arms serve to protect the HR mirrors
by increasing their distance to the cathode and its plasma. They also include ~6 and 10 mm diameter hole baffles (2
baffles in each arm) that reduce the opportunity for sputtered particles (and other possible contaminants) to reach the
HR mirror surfaces. The beam exiting the optical cavity is measured with a photomultiplier tube (PMT, Hamamatsu
R9110) that includes a fast transimpedance amplifier. A bandpass filter (Edmunds 550-10) is placed in front of the
PMT to minimize detection of plasma luminosity and other light that may interfere with the ring-down signals or
saturate the PMT. The PMT is generally operated at 450 volts for this study, with a gain of ~7x10*. This voltage and
gain-level may be outside the linear regime of the PMT, which we will check more in the future; however, the
exponential nature of the ring-downs suggests this was not a significant problem. The resulting ring-down decay signal
is analyzed using a custom Labview program that fits a ring-down time, 7, to each (single-shot) decay. For wavelength
scans, the laser is scanned continuously from 553.694 nm to 553.710 nm with scan speed of 0.005 nm/minute. The
ring-down signals are collected and fitted individually to the exponential decay curve with a custom Labview code
and then are grouped into 50 point averages (50 laser shots) to improve signal-to-noise. At each wavelength position,
the resulting 50 zvalues are averaged to give a final 7 value.

1: Nd:YAG pump beam
2: Dye Laser

3: Focusing Lens

4: Steering Mirror

5: Photodiode Trigger
6

7

8

9

: Spatial Filter
: Variable Attenuator
- HR Mirror
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10: BaO Hollow Cathode Cooling
11: Anode
12: PMT
13: Oscilloscope 1 I 2 y ,CU
14: Computer
15: Vacuum Chamber
16: Mass Flow Controller
17: Wavelength Meter

Fig. 1 Optical layout of CRDS experiment.
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The CRDS laser beam probes the HC plasma plume shown in Figure 2. The HC is a heaterless, BaO cathode
custom-built by the CSU Electric Propulsion and Plasma Engineering (CEPPE) laboratory, using a hollow, circular
anode. The HC runs on krypton, using a mass flow controller (Brooks GF120 Mass Flow Controller), which gives a
range of ~3-40 SCCM gas flow rates. The HC keeper power supply is set at a constant 1 A for the keeper, and a range
of currents of ~5-12.5 A for the anode, with variable voltages, generally around 10.8 V for the keeper, and 38 V for
the anode. The vacuum chamber uses a roughing pump and an Agilent TV 1001 turbomolecular pump, with a base
pressure of ~10° torr. When the flow rate of 5.0 SCCM is used, the chamber pressure is about 0.3 mTorr. The HC is
oriented in the chamber as shown in figure 2, on a translation stage with two degrees of freedom to enable fine position
adjustments without breaking vacuum. We define a cylindrical (r,z) coordinate scheme based on the axisymmetric
cathode with 7=0 on the centerline, and z=0 at the HC orifice plate (and larger values of z extending axially into the
plume). In our study, the motion stage is used for radial scans from » ~0-1 cm (in both radial directions), with the other
stage allowing axial movement from z of ~0.25-3 cm.

Fig. 2 Hollow cathode with running plasma, with green line representing the position of the probing laser beam.

III. CRDS Data Analysis

CRDS is a laser absorption technique based upon the Beer Lambert Law relating light transmission to the absorbing
properties of a sample (Ba atoms in our case). A key feature of CRDS is that it achieves very high sensitivity (i.e.,
ability to measure low densities) by exploiting the very long effective path length provided by housing the absorption
sample within a high-reflectivity optical cavity. The CRDS method works by measuring the optical decay (ring-down)
time of light in the cavity, from which the sample absorption can be found. Because a temporal decay rate is measured,
the technique is also relatively insensitive to laser power fluctuations which can limit other absorption approaches. In
a typical CRDS experiment, as seen in figure 3, the incident laser beam enters the optical cavity, then bounces back
and forth many times, yielding the decay in output light intensity:

()]

t L
Loue = Iy €xp [— ;], where 1, = re
where [, is the decaying beam intensity exiting the cavity, L is the cavity length,, I, is the initial beam intensity, ¢
is time, R is reflectivity, ¢ is speed of light, and 7, is the “empty-cavity ring-down time” (i.e., the ring-down time with
no absorbing sample present, or with the laser detuned from the absorption line) [13].
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When an absorber is present, the ring-down time, z, can be related to the cavity loss as:

1 —
)

“[J k(e,)dx + (1= R)] @

where & is the absorption coefficient and v is the laser frequency [10]. Equation (2) allows for a varying concentration
of the absorbing sample over the length of the sample volume. The expression 1-R represents the loss from the mirrors,
including scattering [10]. If the laser lineshape is given as L(v), then the effective absorption coefficient that includes
line broadening can be given as a convolution of the lineshape with the absorption profile:

kepy ) = [, dv'L(Y' = v)k(V"). @

Considering both 7, and 7, the effective (dimensionless) sample absorbance abs.sy and effective absorption
coefficient k¢ can be found (generally by detuning the laser), as:

5[1

czly)

absepr(v) = lapskers(v) = - i] 4)
where [, is the length of the absorption volume.

Based on equation (1), the ring-down time with an absorbing sample decreases relative to the empty-cavity ring-
down time, giving a signal representing the number density of the sample present. A common method to measure
sample number density (actually path-integrated density) is to the scan the laser across the absorbing feature,
measuring 7(v), and then to (frequency-) integrate the area of the absorbance spectrum. Using the spectroscopic
constants (for a transition from lower-state 7 to upper-state £,) then allows determination of the path-integrated number
density:

[ Nidx = 8715—; [ [ abspr(vV)dv] 3)

Apjc?

where [ N;dx is the number density integrated along the beam, g; and g, are degeneracies, vy, is the transition
frequency, and Ay; is the Einstein coefficient of the transition [10]. For our specific transition, the values of the
spectroscopic parameters are as follows: g =1, gk =3, A = 1.19x10% 57!, vis = 5.41x10" Hz [14].

The experiments presented herein determine path-integrated Ba densities following the above method with eqn.
(5). In some cases we also determine local spatially-resolved (radially dependent) number densities, i.e. in units of
cm versus cm?, assuming that the plasma is axisymmetric about the cathode axis. For this purpose, we perform
spatial CRDS scans in the transverse direction, by using the translation stage to offset the laser axis to different radial
positions (relative to the cathode center-line), and then use a Fourier-based Abel inversion code to infer the radially
dependent densities from the path-integrated measurement [15].
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Fig. 3 Illustration of a CRDS 2-mirror optical cavity with resulting ring-down decay profiles on right.
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IV. Results and Discussion

A. Acquisition of Ring-Down Signals and Analysis of Wavelength Scans

For CRDS ring-down signal acquisition, we first examine signals arising from the “empty-cavity” without the
cathode operating. Ring-down decays are measured using the methodology explained in the last section. We observe
typical values of empty-cavity ring-down time of ~20 us corresponding to mirror reflectivity of 0.99983 using
equation (1) which is roughly consistent with manufacturer specifications and past experiments with the same mirrors.

Figure 4 shows an example CRDS absorbance spectrum, in units of parts-per-million (ppm), with the cathode
operating. Unless otherwise indicated, the experiments were done with HC anode current of 5 A and krypton flow rate
of 10 sccm. Part of the motivation for this choice of operating conditions was managing plasma degradation of ring-
down signals to facilitate more consistent experimental results. The plotted (effective) absorbance is calculated with
eqn. (4) and is after baseline (%) subtraction. The spectrum was recorded at axial position of z=5 mm and radial
position of »=-1 mm. The laser scan is over ~16 GHz extent and the spectral absorption peak has a full-width-half-
maximum (FWHM) of ~2.2 GHz based on a Voigt fit to the spectrum (R?>=0.98). Each data-point is assigned an
uncertainty of +10% based on a conservative estimation of experimental reproducibility of ring-down times.
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Fig. 4 Example CRDS wavelength scan recorded at axial position of z=5 mm and radial position of 7=-1 mm. HC
conditions are 5 A, 10 sccm.

B. Spatial Scans and Radial Density Profiles

In accordance with equation (5), we have performed (line-integrated) CRDS measurements across a series of
chords, by displacing the translation-stage in the -direction, at z =5 mm below the orifice plate. The displacements
spanned approximately 1 cm to either side (with step-size of 1 mm). The HC was again operated with krypton flow
of 10 scem and anode current of 5 A. The path-integrated number density of barium as function of the radial position
is shown in Figure 5. We report an uncertainly of £20% on the measured densities based on experimental
reproducibility (of path-integrated results). As expected, the data peak close to the radial center line and are relatively
symmetric about 7=0. We use a Gaussian fit as a convenient means to approximate the spatial shape though there is
no theoretical underpinning for this choice. The error in the radial direction is +0.25 mm, based on the translation
stage in use.
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Fig. 5 Path-integrated barium as function of transverse (radial) position for 5 A, 10 sccm.

The data from the Gaussian fit was used for an Abel inversion, in which the (fitted) path-integrated barium at each
evenly-spaced 1 mm step radial location is fed into the Abel inversion function. We use the data from the Gaussian fit
for the inversion, as opposed to the raw-data, to reduce measurement noise and enforce symmetry. Figure 6 shows the
resulting Ba densities calculated at each radial location, in which symmetry in the (-) side is assumed.

The resulting full width, half max (FWHM) of the Abel-inverted radial density profile is 9.0 mm. This FWHM is
used throughout the rest of the paper as a representative path-length for simple determination of (peak) Ba density
from path-integrated Ba density (i.e., for cases when measurements are performed only at »=0 without full spatial
scan). Based on these data, we estimate a detection limit for Ba density of ~4x10° cm™ based on the observed peak
density and signal-to-noise ratio (SNR) of ~5.
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Fig 6 Radial profile of barium density found with Abel inversion of spatially scanned data (Fig. 5).

A further study of barium density was done by varying the height of the HC in reference to the probe beam and
using the wavelength scanning method to measure the Ba density as a function of axial position z (with step-size 2.5
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mm). Here, since no radial scans were done, the path-integrated method (at »=0) was paired with a path length of 9.0
mm for barium density calculations, as discussed above. The cathode was operated with krypton flow of 10 scem and
current of 5 A. The results are shown in Figure 7 with largest signals observed at the smallest z values, i.e., closest to
the cathode keeper orifice. This method of analysis does not account for possible changes in the shape of the radial
profile (which may vary with different axial positions and HC conditions). Future work can further explore the HC
barium radial profiles. Error here is again +20% in the Ba density, based as before on experimental reproducibility.
The assumed error of the positions is quite small, £0.25 mm, again based on the accuracy of the translation stage
system.

%108

04 ¢ 1
* s
02 . s ‘ s [ )
0 5 10 15 20 25 30 35
Axial Position (mm)
Fig. 7 Axial profile of barium density at » = 0 and cathode operation at 10 sccm and 5 A.

C. Dependence of Ba Density of Cathode Current and Flow rate

Barium density variation as a function of the anode current and flow rate were considered. In the left of figure 8,
the variation in Ba density over a series of current (stepping at 2.5 A increments) is shown. The data shows a gradual
increase likely due to greater barium emission, followed by a larger increase from 10 to 12.5 A. The flow and position
were held constant at 10 sccm, and 7 = 0 mm, z = 5 mm, respectively. A similar radial distribution and FWHM (9.0
mm) are assumed for the path integration method, since no radial scans were done at these parameters. The right of
Figure 8 shows the spectral scans (after baseline subtraction) for the current variation study. The FWHM of the spectra
remain uniform within experimental error.
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Fig. 8 Left: Dependence of Ba density on cathode current at =0, z= 5 mm, and flow rate=10 sccm. Right: Spectral
scans corresponding to the current variation (after baseline subtraction).

In figure 9, the dependence of barium density on anode flow is shown. The flow rate is stepped in 10 sccm
increments from 10 sccm to 40 sccm. Barium densities are again reported as +20%, based on reproducibility. The
uncertainty in flow rates is on the order of +£1% due to the rating of the mass flow controller. Measurements were
performed at position of =0 mm and z=5 mm at two current conditions of 5 and 12.5 A. The 5 A current shows overall
gradually increasing barium densities with flow rate until the transition from 30 to 40 sccm occurs, which is a larger
~180% increase. For the 12.5 case, there is also initially an increase in Ba density with flow rate, but this is followed
by a rapid drop as the flow rate increases from 20-30 sccm. We note that the visible appearance of the plume changes
significantly in shape and appearance as this condition is varied with the most luminous region of plasma appearing
to shift away from the CRDS probe beam location. Further experimental study, including imaging and spatial CRDS
scans, will be needed to unravel these effects.

Ba (cm‘s)

Fig. 9 Dependence of Ba density on cathode flow rate at 7=0 for currents of 5 and 12.5 A.
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V. Conclusions and Future Work

In this paper, we have shown the use of CRDS as a barium density measurement tool in a BaO HC plasma of
varying conditions, including position in the plume over two dimensions, anode current, and flow rate of krypton.
Overall, the closer in proximity to the HC orifice the probe beam is, the greater the barium levels are. This study
allows the emission of barium to be understood for BaO HCs in support of numeric modeling and lifetimes studies.
Taking radial scans allows the use of an Abel inversion to characterize the radially dependent density, and using this
technique would allow further understanding of the plume under operating parameters of interest. Varying the height,
current and flow parameters show the ability to understand the densest regions of barium, and the potential for high-
density regions to shift under various operating conditions.

Future work will characterize the radial profiles at differing height, current, and flow parameters. We will also
further examine the details of the CRDS spectra, in particular whether diagnostic information can be gleaned from the
measured lineshape. Also of interest will be to attempt CRDS measurements along the axis of the cathode as well as
to measure Ba" ions.
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