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Abstract: Krypton tagging velocimetry (KTV) is an emerging flow diagnostic that investigates
the bulk movement of high-speed, low-pressure gas flows. The present contribution expands the
typical KTV method to the lower density (vacuum) conditions of interest in electric propulsion
research. Our KTV scheme utilizes a two-photon (Write) excitation at 214.7 nm from a pulsed
dye laser, followed by (Read) re-excitation of the ensuing metastable at 769.5 nm with an optical
parametric oscillator. For the case of cold krypton gas expanding from a hollow cathode into
vacuum, we find a bulk velocity of 452± 37 m/s and temperature of 20± 16 K. We also study the
flow in the plume with the hollow cathode plasma operating for which we find bulk velocity of
1200± 130 m/s and temperature of 880± 370 K. Measurements are performed at background
pressures down to ∼10−5 Torr.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Since electric propulsion for spacecraft was first proposed in the early 1900s, electric propulsion
thrusters such as Hall-effect thrusters and ion thrusters have found place in a variety of applications
ranging from deep space exploratory missions to satellite station keeping. A vital subassembly of
these thrusters is the plasma hollow cathode which acts as both a plume neutralizer and electron
source in the case of Hall-effect thrusters [1]. In addition to plasma propulsion, plasma hollow
cathodes find use in applications including surface processing [2–4] and as ionization sources
for neutral beam injection within fusion devices [5–7]. Due to the importance of these devices,
significant work has gone into developing computational models of their operation, both to inform
the development of future designs as well as to elucidate the complex phenomenon observed in
their operation [8–13].

Experimental measurements, in particular looking at spatially resolved flow-fields (density,
temperature, velocity), are critical to elucidate the physics of the devices and for model validation
[14–21]. With regards to characterizing velocity fields, laser induced fluorescence (LIF)
velocimetry, based on Doppler shifting of an absorbing metastable level, is commonly used to
measure velocity distribution functions (VDFs) of both neutrals and ions [15–18,22,23]. In
general, LIF velocimetry produces accurate VDF values but it is complicated, and its resolution
is limited, by the hyperfine structure of the absorbing transition [24]. Commonly used LIF
velocimetry probes a metastable (containing a low fraction of the overall population, i.e.,
<∼0.1-1%) which can potentially introduce bias to the recorded VDF, for example owing to
varying degrees of exciting the metastable due to varying electron temperature in time-resolved
measurements [23–25]. The fact that the LIF probes a metastable is also limiting in terms of
being able to infer (overall) density since the population fraction of the probed level can vary in
complex ways [23]. Owing to this concern, measurements of the neutral number density are
commonly performed using two-photon absorption LIF (TALIF) to directly probe the ground
state (containing a large fraction of the overall population) [17,26–30].

Herein, we investigate krypton tagging velocimetry (KTV) as an alternative diagnostic to
measure neutral velocity distributions within electric propulsion (EP) devices. KTV is a form of
velocimetry which directly interrogates the bulk movement of atoms by tagging ground state
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atoms through TALIF (where fluorescence populates a metastable state), and then reading the
location of tagged atoms at a later point in time through a second (single-photon) LIF step. As
such, it is part of a larger class of two-step Read-Write flow-tagging diagnostics which also
includes the RELIEF technique (which uses Raman excitation and LIF to Write and Read oxygen
molecules [31]) as well as other two-step LIF techniques based on reading long-lived (tagged)
metastable states [32,33]. Therefore, KTV allows for the ground state density to be directly
measured (by monitoring the TALIF signal) and for the velocity of ground state atoms to be
directly measured based on their spatial displacement (between the Write and Read steps). To
date, KTV has been successfully applied to a variety of flows using krypton as a seed gas
including sonic and supersonic over-expanded jets [34,35], Mach 3 turbulent boundary layers
[36], and in hypersonic shock tube flows at repetition rates up to 100 kHz [37–39]. The use of Kr
is attractive in these applications because it is an inert additive (generally to air or N2), whereas
in EP it is suitable due to its growing use as a propellant.

In this contribution we show the use of KTV to record Kr velocity profiles at low pressure
conditions in hollow cathodes, both for cold-flow and operating plasma conditions. Section 2 of
this paper details the spectroscopic scheme used in this work, followed by Section 3 describing
the optical and experimental setup used to employ the KTV scheme. Section 4 provides our data
analysis methodology for a fiber optic-based collection system, followed by Section 5 providing
the results for both a cold gas expansion into a vacuum as well as within a plasma plume generated
by a hollow cathode. Finally, Section 6 will provide our conclusions and future work on this
topic.

2. Krypton tagging velocimetry spectroscopic scheme

Previous publications have detailed a variety of spectroscopic schemes for KTV including
two-laser schemes utilizing TALIF excitation at 216 or 214 nm [34,36,37,40,41] and simplified
single-laser schemes using 212 nm excitation [35,42,43]. For an EP application, we consider
the Kr flow-field in the plume of a hollow cathode. The plasma environment complicates
KTV as there can be significant natural population (providing optical interference) in the same
metastable state that is probed in the Read step. (Collisional-radiative models show expected
level populations of the metastables of <∼1% of the total population.) Expected velocities
are ∼300-1,500 km/s which calls for Read-Write time delays of order microseconds to achieve
resolvable movement with our collection system. Due to these constraints, a scheme using
214.7 nm TALIF excitation is considered optimal. Further, previous works from our group
investigating neutral krypton densities within a hollow cathode plasma have shown strong TALIF
signal-to-noise with this scheme [26,30]. Figure 1 shows the relevant transitions associated with
a 214.7 nm Write step where Table 1 provides the transition details.

Table 1. Relevant krypton transitions

TRANSITION λAir[nm] # PHOTONS Aik
[︁
s−1]︁ Ei

[︁
cm−1]︁ Ek

[︁
cm−1]︁ LOWER

LEVEL
UPPER
LEVEL

A 214.7 Two-Photon - 0 93123.34 4s24p6(1S0) 5p[3/2]2
B 760.2 Single-Photon 2.732× 107 79971.74 93123.34 5s[3/2]◦2 5p[3/2]2
C 769.454 Single-Photon 4.27× 106 79971.74 92964.39 5s[3/2]◦2 5p[3/2]1
D 829.811 Single-Photon 2.93× 107 80916.76 92964.39 5s[3/2]◦1 5p[3/2]1

The Write step (also referred to as tagging) is performed with two-photon excitation using
214.7 nm (4s24p6(1S0) →5p[3/2]2); transition A in Fig. 1. From the upper level excited state, the
atom will decay to the lower lying metastable state 5p[3/2]2 → 5s[3/2]◦2 releasing a photon at
760.2 nm, transition B, with 0.76 branching ratio [40]. The Read step is performed with a single
photon excitation at 769.5 nm (5s[3/2]◦2 → 5p[3/2]1, transition C). The fluorescence (KTV)
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Fig. 1. KTV Energy level diagram with relevant transitions. “A - Write laser (214.7 nm)”,
“C - Read laser (769.4 nm)”, and “D - Read signal (829.8 nm)”.

signal collected from the Read step is at 829.8 nm (5p[3/2]1 → 5s[3/2]◦1, transition D) as this
transition is optically separated from all laser wavelength and has a favorable branching ratio of
∼0.85 [44,45].

3. Optical layout and experimental setup

The Write step is performed with a dye laser (Sirah PrecisionScan) pumped by the third harmonic
output of a Nd:YAG laser (Spectra-Physics Quanta Ray Lab 150-10). The dye laser uses Exalite
428 dye and produces visible light at ∼429 nm which is then frequency-doubled to ∼214.7 nm
using an internal frequency conversion unit. The final laser output is an approximately rectangular
beam ∼2 mm by ∼6 mm in size with pulse energy of ∼2.5 mJ. The beam is delivered such that
the longer dimension is into the page as depicted in Fig. 2. The beam is brought to a weak focus
with a 75 cm plano-convex lens with the focal spot on the hollow cathode centerline at a position
∼0.75 cm downstream of the keeper orifice plate. The resulting fluence is ∼2 J/cm2, a value
lower than typically used for KTV [34] due to spatial restrictions of the chamber (for robust
operation, the write laser focusing lens is located outside of the vacuum chamber which limits
the minimum beam waist) and maximum dye laser output.

The Read laser is an optical parametric oscillator (OPO, Continuum Sunlite III) pumped by
the third harmonic output of a Nd:YAG (Continuum Powerlite 8010). The resulting output is
at 769.5 nm with an average pulse energy of ∼2± 1 mJ. This energy is far above the saturation
threshold of the strong single-photon LIF transition [37] and a neutral density filter (optical
density of 6) is used to lower the output energy. A spatial filter, based on a focused beam through
a pinhole, serves to improve the beam quality of the OPO output Read beam. The filter uses
a plano-convex lens pair (7.5 cm and 15 cm focal lengths) between which a 100 µm pinhole is
positioned. To further improve the signal-to-noise (S:N), the Read laser is converted to a sheet of
approximately 1 cm in height and ∼300 µm thick within the measurement region by a spherical
plano-convex (1 m focal length) and cylindrical plano-convex lens (50 cm focal length). The
energy and spatial filtering of the Read beam are essential to achieving high S:N, by controlling
the volume over which the Read laser probes (to minimize the amount of background fluorescence
generated outside of the volume containing the tagged atoms), given the aforementioned challenge
of strong fluorescence associated with LIF of naturally occurring metastables (that can quickly
overwhelm the KTV portion added by the Write step). However, the spatial filter would become
less significant if a diode laser is used for the read step rather than an OPO (see also discussion
in the Conlcusion). For both lasers, the wavelength is tuned such that the maximum Read
fluorescence signal is obtained. The OPO wavelength is monitored with a wavelength meter
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Fig. 2. Optical layout for krypton tagging velocimetry.

(HighFinesse WS4) and the dye laser wavelength output is monitored by periodically checking
the peak of the TALIF signal.

The fluorescence signal is collected orthogonally to the plane of the Read laser sheet (and
cathode centerline axis) through a vacuum chamber window with a 30 cm focal length, 5 cm
diameter plano-convex lens. The collected LIF Read signal, including plasma luminous emission
from the region, is imaged onto a linear 7× 105 µm multi-mode optical fiber bundle (Thorlabs
BFA105LS02) with a 15 cm focal length, 5 cm diameter plano-convex lens resulting in a
magnification of 0.5 and an approximate collection area (in the cathode plume) of 1.4 mm by
210 µm. The longer dimension of the imaging volume is parallel to the Read laser (perpendicular
to the cathode axis). The collection optics are implemented within an optical cage assembly
which is located on a linear translation stage (allowing one to change the sampling location along
the cathode axis direction and relative to the Write laser). The output of the optical fiber bundle
is one-to-one imaged onto a monochromator (0.25 m focal length, EG&G Model 1229) with
a 1 mm entrance slit. The monochromator is not scanned but is used as a wavelength filter to
preferentially collect light at the detection wavelength of 830 nm while rejecting light from nearby
Kr and Kr+ emission lines. The orientation of the fiber output is set with the longer dimension
parallel to the slit. The collected light is dispersed with a 1200 g/mm grating blazed at 750 nm
(Edmund Optics 43211) onto the output slit set to 1 mm. The resulting spectral range exiting the
output slit is approximately 830± 6 nm. The output light of the monochromator is detected with
a photomultiplier tube (Hamamatsu R3896) with the gain set to 900 V (corresponding to a gain
of 3× 106 based on the manufacturer’s datasheet).

The timing of the two lasers is controlled by a pulse delay generator (Stanford Research
Instruments DG-535). Although the delay generator maintains sub-picosecond jitter, the relative
jitter between output of the two lasers is described roughly as a histogram of Gaussian form with
a full-width half-max (FWHM) of approximately 65 ns. The timing of the photomultiplier tube
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collection is controlled by an oscilloscope triggering off the Read laser photodiode positioned
(Fig. 2).

The data collection procedure consists of positioning the optical fiber bundle at a known
downstream displacement from the Write laser. For each position, the time delay between the
Write and Read lasers is swept over an appropriate range in 0.1 µs increments. At each time step,
the Read LIF signal (830 nm light to PMT) is collected and averaged for 100 laser pulses. In the
case of plasma measurements, the process is completed twice due to lower signal-to-noise. The
result of this method is the temporal evolution of the LIF signal for the given spatial displacement
(between Write-Read locations), i.e., each recorded signal corresponds to the number of starting
Kr atoms (from the Write region) having the velocity needed to traverse the given displacement
in the given time delay. As such, the recorded data contains information about the velocity
distribution, for example the time-delay yielding the largest signal would correspond to the most
probable velocity of the distribution. Below, we discuss inclusion of more detailed analysis issues
associated with spatial broadening of the beams and light collection, and temporal jitter of the
lasers.

This work investigates both the cold gas flow and plasma generated by a 25 A class barium
oxide (BaO) heater-less hollow cathode developed at Colorado State University and Plasma
Controls LLC which is operated under high vacuum conditions (1× 10−6 Torr base pressure,
4× 10−4 Torr during operation). The cathode is centrally mounted within an approximately
spherical vacuum chamber (diameter ∼0.6 m) equipped with a turbomolecular pump (Agilent
TV1001) backed by a roughing pump. The hollow cathode is operated in a propellent rich
spot-mode produced by 15 SCCM mass flow rate of krypton gas (99.999%) and an anode current
of 5 A (along with a keeper current of 1 A). The mass flow rate is controlled by a digital mass
flow controller (Unit Instruments 7360). The anode and keeper are driven under constant current
operation where the associated voltages are nominally 45 and 7 V respectively during steady state
operation. Figure 3 is an image of the hollow cathode plasma where the red box represents the
area over which the KTV is performed (roughly to scale). The actual light collection region for a
given measurement, defined by the image of the fiber bundle in this plane, would be a narrower
horizontal stripe within this rectangle.

Fig. 3. Image of the plasma hollow cathode operating with an overlay of Write and Read
geometry (approx. to scale).

4. Data analysis

For a given spatial displacement (between Read and Write beams) and cathode measurement
condition, the Read fluorescence is measured at a series of delay times (again Read relative to
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Write) to map out the arrivals of the tagged atoms to the Read region. Raw LIF signals from
the PMT are processed with a custom LabVIEW code (developed for TALIF neutral density
measurements [26]) which subtracts background and temporally-integrates the LIF signals. In
the simplest analysis, the temporal profile of LIF signal versus delay time can be converted
to a velocity distribution by associating a velocity with each delay time as v=L/t (where L is
the displacement length and t is the delay time). However, such an approach neglects various
systematic effects of spatial and temporal blurring which otherwise provide some biases (e.g.,
artificial broadening of the resulting velocity profile due to the finite spatial extents of both the
Write and Read regions).

To determine the actual drift velocity and VDF, the true temporal signal should be deconvolved
from the broadening effects of the spatial distributions (due to the Write beam and the collection
fiber). However, a direct deconvolution is computationally expensive and therefore we adopt an
iterative gradient decent method based on fitting simulated temporal signals to the measured data
and seeking the best agreement based on a squared error loss function. The possible temporal
signals are calculated as the convolution of the velocity profile, f, with the spatial response w:

S(t) =
∞

∫
−∞

w(z′) · f
(︃
z + z′

t

)︃
dz′ (1)

where z is the nominal Read (fiber) displacement relative to the Write beam, z′ is the integrating
variable corresponding to the position with respect to the center of the Read collection volume,
t is time, w(z′) is a spatial weighting function (centered at zero) associated with both the
TALIF Write step and the Read step (imaging extent of the fibers), and f (Vz) is the assumed
velocity distribution function. The velocity distribution functions assume a single-component
Maxwell-Boltzmann distribution, specified by a temperature, along with a bulk velocity, with
peak amplitude normalized to unity:

f (Vz) = e
−mKr (Vz−Vd )

2
2kT (2)

where k is the Boltzmann constant, mKr is the atomic mass of krypton, T is the bulk gas temperature
(defining the velocity broadening), and Vd is the bulk drift velocity. The single-component form
is used as we anticipate primarily 1-D flows along the cathode center line direction and because
our measurement is sensitive to the single flow direction.

To determine the overall spatial response function of the experiment, including effects of both
the Write laser and the fiber optic (Read) collection, the spatial distribution of the Write laser
TALIF signal is measured by scanning the optical fiber across the laser’s waist position. (We find
that the resulting spatial weighting function is approximately Lorentzian with a half-width at
half-maximum of ∼0.2 mm.) The result of the spatial measurement is used to empirically set the
weighting function used in the convolution process according to the normalization condition:

∞

∫
−∞

w(z′) dz′ = 1 (3)

Using Eqs. (1)–(3), a simulated S(t) is fit to a set of experimental temporal signals (at different
delays) using a minimization of the difference of squares, finding the best Vd and T to describe
the data. This fitting process is also performed at several fiber displacements (based on the
corresponding temporal LIF signals), providing inference of the Kr atom velocity and temperature
as measured at each displacement. Figure 4 is an example of the fitting performed on raw data
for a cold gas flow expansion into a vacuum (where we normalize the peak temporal signal for
each displacement to unity).

An important detail regarding our setup is that, for small spatial displacements (<∼0.7 mm),
there is an overlap between the wings of the initial Write step spatial distribution (∼0.6 mm in
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Fig. 4. Overlay of simulated fit and the normalized experimental data for cold krypton
expansion into a vacuum.

axial extent) with the fiber imaging volume (∼0.1 mm in axial extent). This overlap fundamentally
precludes measurements for these small displacements (since measured particles cannot be
unambiguously associated with known displacement distances) and biases the fit to artificially
high velocities. When the overlap is combined with further sources of error such as laser timing
jitter and a 0.1 mm uncertainty in absolute fiber displacement (z in Eq. (1)), it is found that the
fiber displacements of 0.31 and 0.64 mm do not have sufficient displacement (from the Write
location) to accurately perform the deconvolution process. (These results are shown in Fig. 4
only for purposes of exposition and are not used in subsequent analyses.)

The error in the fitting and deconvolution process is handled in two parts, considering the
spatial and temporal uncertainties, by recomputing the fitting process at the extrema of the
uncertainty ranges applied to the fiber displacement and time axis. The numerical fit error is then
calculated through:

ErrorN =

√︂
diag(H−1) (4)

where H is the Hessian matrix numerically approximated by the finite difference method on
the divergence of the error in the difference of squares between the experimental data and the
fit. The overall error reported in the results is finally found as the root sum squared of the
independent error sources (i.e., error contributions due to the timing jitter between the Write and
Read lasers, the uncertainty in the absolute fiber displacement values, and the error within the
fitting algorithm).

5. Results and discussion

The first results presented are the cold gas expansion through the hollow cathode and its output
orifice into the vacuum chamber (data shown in Fig. 4). A cold gas expansion is used for
verification of the data analysis method as it presents a high signal-to-noise measurement
environment in a condition where the physics are relatively well understood. Figure 5 shows the
best-fit drift velocities and temperatures associated with the fits and profiles from Fig. 4.

The cold gas expansion results shown in Fig. 5 appear quite constant for different spatial
displacements (downstream Read positions) yielding an average velocity of 452± 37 m/s and
average temperature of 20± 16 K. Although one would typically expect to see the evolution of



Research Article Vol. 3, No. 1 / 15 Jan 2024 / Optics Continuum 16

Fig. 5. Average bulk velocity and temperature for cold krypton expansion into a vacuum.

gas properties over space, it is important to realize the present measurements are taken in a nearly
collisionless regime where the Knudsen number is order unity or larger (mean free paths on the
order of several to tens of centimeters [30,46]). Therefore, over the displacements used in this
work (<∼2 mm), it is unlikely for a tagged atom to experience even a single collision such that
the flow properties are essentially frozen at the conditions present at the location of the Write
beam. Conversely, if one were to apply KTV with fiber displacements on the order of or greater
than the mean free path, varying properties would be observed.

As a rough check on measurement accuracy, the expected temperature and velocity are
calculated using adiabatic expansion equations from Engeln et. al. for a plasma expanding into a
vacuum [47]. The temperature is calculated by:

T(z)
T0
=

(︃
n(z)
n0

)︃γ−1
(5)

where T is the temperature, n is the neutral density, and γ is the ratio of specific heats for krypton.
Approximate values for the neutral density both within the cathode and at the measurement
location are determined from past TALIF work and simulation results [30]. From Eq. (5), we
find that the predicted temperature at the measurement location is in the range of 20–30 K. The
maximum velocity due to adiabatic expansion, assuming a sonic point at the cathode orifice, is
calculated from:

Vmax = cs0

√︄
γ + 1
γ − 1

(6)

where cs0 is the speed of sound at the cathode orifice [47]. Assuming pure krypton and T0 of
300 K, the maximum velocity is approximately 445 m/s. For both the temperature and bulk
velocity, the adiabatic expansion calculations result in values that are within the error range of the
experimental measurements. Furthermore, numerical simulations of argon expansion through
nozzles in the near continuum flow regime resulted in similar bulk velocities and temperatures
[48]. Based on these findings, the temperature and velocity values are considered reasonable
within their respective error ranges.

To the best of the authors’ knowledge, these results represent the first direct measurement of
ground state neutral atom properties undergoing vacuum expansion, as well as being the KTV
data reported at the lowest pressures to date (first useful at EP conditions). We have demonstrated
KTV at background chamber pressures as low as 10−5 Torr (results shown in Fig. 4 correspond
to 4× 10−4 Torr), which is 2–3 orders of magnitude below the lowest pressures at which KTV
has been previously applied (2.5 Torr with 1% Kr [34]). With regards to Read signal loss owing
to quenching of the metastable, we find a characteristic quench time of >1 ms at pressure of
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10−4 Torr, such that signal loss by this mechanism seems negligible at the conditions of present
interest. (The quench time can be simply estimated as 1/(kQ NKr), where kQ is the Kr self-quench
rate for which we use 1.7× 10−10 cm3 s−1 based on the rate for another Kr excited state [49] and
NKr is the number density of Kr colliders for which we use NKr∼4× 1012 cm−3.)

Following the validation of cold gas expansion, the next condition investigated is within the
plasma plume of the hollow cathode operating on krypton. Within a plasma environment, there
are added complications including a lower neutral density (due to both ionization and expansion
from an increased temperature) and an increase in the (background) population fraction within
the 5s[3/2]◦2 metastable state. Background emission from the plasma-generated metastables
(as opposed to Write-laser generated) represents a problematic optical interference at the same
wavelength as the Read detection (830 nm) and necessitates a fine control over the Read laser
energy and beam size/shape. Figure 6 shows raw data from measurements in the cathode plasma
region as a function of laser time delay after subtracting the baseline (∼2000 on this scale) along
with their associated fits.

   

    

Fig. 6. Raw data (after baseline subtraction) for KTV within a plasma environment along
with their associated fits. The different panels are for different spatial displacements as given
in the panel title.

Following baseline subtraction, the signal to noise ratio (SNR) is ∼5-6 where the SNR is
defined by the peak value divided by the standard deviation in the baseline. (Baseline in this
context refers to the baseline of the TALIF versus delay plots, not the raw PMT baseline.) The
main factor causing the baseline variation is thought to be fluctuation of the probe laser and to a
lesser extent time fluctuation in the metastable state population. However, even this SNR is on
par or greater than what is commonly seen in other KTV applications where interference and/or
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signal quenching are present [41]. Figure 7 shows the best fit temperature and bulk velocity
values associated with the fits in Fig. 6.

Fig. 7. Results of KTV within the plume of a plasma hollow cathode operating on krypton.

As discussed above, spatial variations are frozen such that we again report average properties,
in this case velocity of 1200± 130 m/s and temperature of 880± 370 K. To the best knowledge of
the authors, there is currently no published data regarding experimental measurements of the drift
velocity or gas temperature for a plasma hollow cathode operating on krypton. However, there are
several publications with both experimental and simulated data for hollow cathodes operating on
argon and xenon which show a general agreement with the magnitude of both the velocity and the
temperature. For example, Engeln et al. found the velocity and thermal temperature of ground
state argon atoms from a cascaded arc plasma jet to be on the order of 2000 m/s and 1000 K [47].
Accounting for the different mass of krypton, these values align well with our results.

6. Conclusion

Accurate measurements of neutral atom properties, especially velocity distribution functions
(VDFs), are required to validate development of numerical models within the electric propulsion
community. The approach presented here can be a powerful compliment to existing VDF
measurements based on (single-photon) LIF due to Doppler shifting of metastables. The KTV
method can be advantageous in that the ground state velocity is directly probed (through direct
movement of tagged atoms), thereby avoiding biases and resolution limits which can affect the
Doppler method in certain cases. Results presented herein have been for the flow field of a hollow
cathode, but similar measurements should be possible for Hall-effect thrusters, gridded ion
thrusters, and other plasma devices of interest. We have shown application of KTV at chamber
pressures down to ∼10−5 Torr representing a significant reduction (2-3 order of magnitude in
comparison to previous KTV publications) in the required krypton number density needed for
the method.

Future work will include an improved optical layout to achieve lower measurement error and
improve the signal-to-noise, particularly for measurements within plasmas where competing
luminosity is present. The main modification will be to switch to a narrow linewidth tunable
diode laser for the Read step [35,37,41] instead of the OPO now used. The OPO laser provides
Read illumination that is unnecessarily spectrally bright, given that it is orders of magnitude
above saturation, meaning that it is difficult to avoid LIF excitation of the surrounding background
plasma region (versus preferential light collection only in regions where tagged metastables are
present). The more stable spatial profile of such a diode laser will also benefit S:N by allowing
better control of the beam focusing.
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Future work will also expand the gas tagging velocimetry to the widely used xenon propellant.
The proposed tagging scheme for xenon will use a Write step of two-photon excitation at 252.5 nm
(5P6 1S0 → 6p [3/2]2) which decays into the 6s[3/2]◦2 metastable state with a branching ratio of
0.7, producing a florescence at 823.2 nm [50]. The 252.5 nm TALIF excitation of xenon has a
similar two-photon absorption cross-section and branching ratio for the metastable populating
transition as the 214.7 nm TALIF excitation of krypton studied in this work [41,50–52]. The
xenon scheme should populate the metastable state at similar rates as seen within the current
krypton work. The Read step will consist of a single photon excitation at 823.2 nm (6s[3/2]◦2→
6p [3/2]2) with detection florescence recorded at either 823.2 nm (as is commonly used in LIF
Doppler velocimetry [23]) or at 895.2 nm (6p [3/2]2 →6s[3/2]◦1), with the latter providing
non-resonant detection albeit with weaker signal strength.
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