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one focus is on the investigation of rare gases such as xenon or krypton, which are
currently the favored propellants in gridded ion- and Hall-effect thrusters. For gridded
jon engines, diagnostics of neutral atoms is of interest since charge-exchange
processes between neutrals and ions are the main driver of accelerator grid erosion,
which limits the lifetime of a gridded ion thruster. Extending the capabilities of the
advanced electric propulsion diagnostics platform which has been developed by the
IOM and partners, single- and two-photon absorption laser-induced fluorescence
diagnostics have been set-up recently at our institute. Both experimental set-ups, and
as a series of first applications, measurements of krypton neutrals in the plume of the
radiofrequency ion thruster RIT-10 (ArianeGroup GmbH), and xenon neutrals within
the discharge chamber of a gridded radiofrequency ion source developed at IOM, are
presented.

Keywords: Laser-induced fluorescence; Two-photon absorption laser-induced
fluorescence; Electric propulsion diagnostics; Neutral atom diagnostics

1 Introduction

Laser-induced fluorescence has been widely established for non-intrusive diagnostics of
atom or molecular species in non-thermal equilibrium plasmas, such as direct current,
high-frequency, microwave or helicon discharges, among many further applications [1—
5].

Frequently, laser-induced fluorescence is used as general term for several techniques
that require further differentiation. Their common principle is the state-selective excita-
tion of an atomic or molecular energy level by absorption of continuous or pulsed laser ra-
diation, while detecting the subsequent fluorescence resulting from radiative de-excitation
of the excited level(s). For plasma diagnostic purposes, most commonly, single-photon
absorption laser-induced fluorescence (henceforth LIF) and two-photon absorption laser-

© The Author(s) 2022. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by

L]
@ Sprlnger statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1140/epjti/s40485-022-00077-y
https://crossmark.crossref.org/dialog/?doi=10.1140/epjti/s40485-022-00077-y&domain=pdf
https://orcid.org/0000-0002-9736-1333
mailto:christoph.eichhorn@iom-leipzig.de

Eichhorn et al. EPJ Techniques and Instrumentation (2022) 9:2 Page 2 of 20

induced fluorescence (henceforth TALIF) have been employed. In both cases, the particle
excitation kinetics may be described with rate equation models (see e.g. [6, 7]), which give
access to the measurement of plasma parameters of interest, for example, the relation
between the detected signal intensity and the particle density of the probed state. Other
related techniques use multi-photon absorption (i. e. three photons or more) [8], or two-
photon absorption laser-induced stimulated emission [9], which are here only mentioned
as further method examples based on laser-induced fluorescence.

The question whether LIF or TALIF should be applied, essentially depends on the
plasma parameter to be measured and the plasma species to be investigated. If, for exam-
ple, the neutral density of an atomic plasma species is of interest, laser-induced excitation
from the atomic ground state is advantageous: Then, even though the population density
distribution in a non-Boltzmann equilibrium plasma remains unknown, the ground state
density can be identified with the particle density, since in many low temperature plasmas
ground state depletion may be neglected.

Ground state excitation, for some atomic species like neutral titanium or molybdenum,
is achievable within the wavelength range of commercially available, frequency-doubled
dye lasers via LIF [10-13]. Other species of interest, however, such as atomic hydrogen,
oxygen, nitrogen, and also rare gas atoms like neutral xenon or krypton would require
laser wavelengths in the VUV. In order to circumvent such short excitation wavelengths,
which would result in significantly more complex set-ups including Raman-shifted lasers
[14, 15], simultaneous absorption of two photons can be applied. Examples of TALIF spec-
troscopy for plasma diagnostics are the determination of particle densities of low-Z atoms
in plasma flows or jets [16—22], whereas measurements in rare gases, such as on neutral
xenon or krypton, have been reported significantly less frequently, with concentration on
the investigation of the neutral density depletion in helicon plasmas [23-25] or on a mi-
crowave cathode [26].

Furthermore, LIF is used to investigate plasma quantities that can be measured inde-
pendently of the knowledge of excited state population densities, such as neutral or ion
temperatures, or their velocity distributions. In such applications, the shape and the spec-
tral (Doppler-)shift of the absorption line is analyzed. Without the necessity for probing
the ground state, laser-induced transitions, for example from a lower metastable state,
can be performed at wavelengths in the VIS or NIR ranges, which allows for the use of
narrow-band tunable diode lasers in many applications [27-30].

The scope of this article focusses on LIF and TALIF diagnostics of rare gas-driven grid-
ded ion sources, as they are used for terrestrial applications such as surface engineering or
etching [31], and beyond, as ion thrusters for electric space propulsion. At present, grid-
ded ion engines play an increasingly important role in commercial and scientific spacecraft
mission design, besides Hall-effect or stationary plasma thrusters, which use gridless par-
ticle acceleration within an annular ceramic discharge channel, as another major group
[32]. The operational lifetime of gridded ion thrusters significantly depends on grid ero-
sion, especially of the accelerator grid, a process that is mainly driven by slow secondary
ions produced in charge exchange process between thermal neutrals and fast primary ions
accelerated within the grid system [33, 34]. Since the accelerator grid usually gets nega-
tively biased in order to suppress electron backflow into the discharge chamber, these slow
secondary ions may get re-attracted by the accelerator grid and sputter the grid surface,
resulting e.g. in a widening of the grid holes. Apart from the near-grid area, the charge
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exchange plasma in the plume of an ion- or Hall-effect thruster may interact with other
parts of the spacecraft, such as solar arrays, which is also subject of numerical modelling
[35-37].

As ion thruster lifetime testing up to several tens of thousands operation hours is tech-
nically and financially costly, several numerical codes related to grid erosion and lifetime
prediction have been established [38—42]. At IOM, the 2D grid erosion code DYNASIM
is used, based on an in-house developed module computing the neutral flow through-
out a series of hole apertures, and the commercially available ion trajectory code IGUN
[43, 44]. This code has been validated [45] for selected operation conditions of RIT-22
thruster (ArianeGroup GmbH). The application of LIF of TALIF diagnostics as described
in the following is motivated to address two major needs of such codes: (1) The measure-
ment of input parameters, such as the ion and neutral velocity distribution (temperature)
within the discharge chamber, and (2) the verification of numerical models of the neutral
gas flow and the plume expansion throughout the ion optic system, based on the spatially
resolved measurement of neutral particle densities. Both velocity distributions and parti-
cle densities may considerably affect numerically calculated grid erosion rates.

In this paper, progress on the use of laser-induced fluorescence spectroscopy for electric
space propulsion diagnostics is reported. Results of a first series of measurements in the
plume of the radiofrequency ion thruster RIT-10 (provided by ArianeGroup GmbH) are
presented, extending a recent demonstration of TALIF in neutral krypton on the same
thruster [46]. So far, only a very small number of TALIF investigations on gridded ion
thrusters in xenon [47, 48] and one for a Hall-effect thruster [49] exist. In addition, LIF
and TALIF are demonstrated inside the discharge chamber of a gridded rf ion source.
Very few LIF measurements in the discharge chamber of gridded ion sources focussing
on discharge cathode and erosion-related phenomena have been reported [50, 51], along
with extensive investigations of velocity distributions in the plume and the discharge near
the exit plane of Hall-effect thrusters [5, 52—-64].

The work presented here has been carried out in order to extend the diagnostic ca-
pabilities of the Advanced Electric Propulsion Diagnostics (AEPD) platform, which has
been set up by IOM and partners [65-67]. The platform has been applied for thruster
characterization in several measurement campaigns and involves measurement sensors
for monitoring mechanical parts such as grid temperature (pyrometer, thermocamera)
and grid/channel erosion (telemicroscope, triangular laser head). For beam diagnostics a
Faraday probe, a retarding potential analyzer, an E x B probe (contributed by Aerospazio
Tecnologie, Rapolano Terme, Italy) [68, 69] and an active thermal probe (contributed by
Christian-Albrechts-Universitét zu Kiel, Kiel, Germany) [70, 71] are available. We mention
this here to underline that the design of the LIF and TALIF set-ups, such as the vacuum-
sided LIF probe, is compatible to be implemented on this system or can be used in parallel.
With both diagnostics ready to use with the platform, implementation has proceeded so
far that they can be applied in measurement campaigns on advanced thruster characteri-

zation.

2 Description of the experimental methods and set-ups
Measurements as described in the following have been carried out using two ion sources:

(1) A RIT-10, provided by ArianeGroup GmbH, which is a radiofrequency ion thruster
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including a two-grid screen-accelerator system [72, 73]. Operated with xenon as stan-
dard, krypton has been used here to demonstrate that TALIF spectroscopy is applica-
ble in the plume for future detailed analysis of this thruster including this propellant. (2)
The radiofrequency ion source ISQ40RF, which has been developed at IOM [74] and in-
cludes a three-grid screen-accelerator-deccelerator system. The discharge chamber wall
of this source consists of UV fused silica, giving optical access for measurements within
the chamber.

During all experiments, the vacuum facility at IOM with 3 m in length and 1.1 m in
diameter has been used. Three motorized linear stages are available inside the chamber
to move the ion source with respect to the measurement position of interest. The facility
is evacuated using two serial combinations of multi-stage roots pumps and turbo pumps
(pumping speeds 1000 1/min and 2000 1/s, respectively), and one cryo pump (8000 1/s),
reaching a base pressure of some 10~/ mbar.

2.1 Two-photon absorption laser-induced fluorescence (TALIF)
The TALIF process is based on the laser-induced simultaneous absorption of two photons,
and the detection of the subsequent fluorescence of the excited level. The transition rate
W for the absorption process is provided by perturbation theory in quantum mechanics,
which allows deriving the formalism to calculate the two-photon absorption cross sections
and the relation between transition rate and laser intensity. One finds for an #-photon ab-
sorption process W = 6" I" [75]. If calculated, using the respective n-photon absorption
cross section 6™ and practicable laser intensities I, theses rates decrease by several orders
of magnitude with every order in #, reducing likewise the fluorescence signal intensities to
be detected. Considering TALIF transitions, the two absorbed photons may differ in color
or polarization, and follow the two-photon electric dipole selection rules [76]. In many
applications, as also here, nanosecond pulsed dye lasers are used to generate the required
laser power densities for the absorption of two photons of same wavelength and polariza-
tion, but also picosecond-TALIF has been demonstrated in plasma diagnostics [22].

The population densities of the involved levels (the excited level and usually the ground
state) are commonly modelled in a set of coupled rate equations, which has been exten-
sively described in literature [7, 77]. Its solution yields the relation between the TALIF

signal intensity and the ground state density ng [7]
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Herein E is the energy of the laser pulse, a the beam waist at the detection area, w and F(¢)
are the frequency and the temporal profile of the laser pulse, respectively. Ay; is the tran-
sition rate for the selected fluorescence channel, A = 77! = > ;A the inverse natural life-
time of the upper level, Q the quenching rate and & ® the two-photon absorption cross sec-
tion. Assuming a Gaussian temporal laser profile F(¢), the integral is [ F(¢) dt = (/7 1,)7%,
wherein 7, is the FWHM duration of the laser pulse. The calibration constant D includes
all relevant efficiencies and gains related to the detection apparatus, as well as geomet-
ric factors and the detection solid angle. If D is kept unchanged during an experiment,
the measurement of relative ground densities is straightforward. In order to calibrate the

TALIF signal intensity to absolute densities, measurements at well-defined reference con-
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ditions can be applied, circumventing the need for the determination of the calibration
constant [78].

A major challenge in the present application is the low TALIF signal intensity, result-
ing from the small neutral particle densities in the plume of an ion engine (typically in
the range of 10'7 — 10'® m~3), and the small detection solid angle when the detection op-
tics have to be placed outside a large-scaled vacuum chamber, or at least in practicable
distance to the thruster. Increasing the laser power density at the detection volume in or-
der to improve signal intensities, however, needs to proceed with caution, since processes
competing to TALIF such as resonant multi-photon ionization may not longer be negligi-
ble, and saturate the TALIF signal. In this case, S o E? does not hold, and the rate equations
need to be complemented with terms for photoionization [7], significantly complicating
the derivation of particle densities. Since, here, the S oc E? relation is difficult to be checked
accurately due to above-mentioned restrictions, in the present approach S o< ny, is veri-
fied for a fixed laser pulse energy in a separate experiment within the range of the expected
neutral densities. Measurements in the plume or in the discharge chamber are carried out
using the same laser pulse energy.

The experimental set-up is unchanged as described earlier [46, 79]: Pulsed tunable laser
radiation is generated using a dye laser (LPD3000, Lambda Physics) pumped by a Nd:YAG
laser (Surelite III, Continuum). The output (pulse duration 4.5 ns) is frequency-doubled
using appropriate beta barium borate crystals, producing wavelengths at approximately
212.6 nm (excitation of the 5p[1/2], level in krypton) and approximately 222.6 nm (ex-
citation of the 6p'[1/2], level in xenon). The step width in spectral scans is 0.5 pm. The
used laser dyes are Stilbene-3 (krypton) and Coumarin 120 (xenon). The estimated laser
linewidth is 0.15 cm™!, which is assumed to be large compared to the expected line split-
ting due to isotope shift for both two-photon transitions applied in xenon and krypton.
Note that hyperfine splitting does not occur since the total electronic angular momentum
is J = 0 for the ground states and the two-photon excited levels, respectively. The beam is
focussed from outside of the vacuum chamber to the region of interest, using a lens with
a focal length of f = 75 cm. A small fraction of the beam is diverted to monitor the laser
pulse energy using a pyroelectric energy meter (ES111C, Thorlabs).

The fluorescence is detected perpendicular to both the direction of the laser beam prop-
agation and the central thruster axis. A f/2 lens is used to image the detection volume on
the entrance slit of a gated photomultiplier (R758-10, Hamamatsu). Optical bandpass fil-
ters are used to separate the fluorescence channel of interest, for krypton at A = 758.7 nm
(filter center wavelength: 760 nm, bandwidth: 19 nm) and for xenon at A = 788.7 nm (filter
center wavelength: 788 nm, bandwidth: 8 nm). The photomultiplier output is integrated
using a boxcar averager (SR250, Stanford Research Systems), plasma background emis-
sion using a second boxcar, and a integration gate delay of 500 ns. The boxcar output
is processed using a computer interface (SRS245, Stanford Research Systems), the time-
resolved fluorescence is analyzed with an oscilloscope with a bandwidth of 1.5 GHz and
a maximum sample rate of 4 GS/s (CobraMax, Gagescope). A low jitter delay generator
(DG645, Stanford Research Systems) is used to set all required temporal trigger pulses.
Data acquisition is controlled using a LabView program. The schematics of the set-up is
displayed in Fig. 1 and the implementation in Fig. 2.

Figure 3 displays the TALIF schemes applied in neutral krypton and neutral xenon. In
order to check the reliability of the set-up, the lifetimes of the excited states have been
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Figure 1 Schematics of the TALIF set-up for ion thruster diagnostics
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Figure 2 TALIF set-up for ion thruster diagnostics as realized in the lab at IOM. Image modified from Eichhorn
et al. Paper IEPC-2019-503 [79]

measured for both levels in the thruster plume. For the krypton 5p[1/2], level, a lifetime
7 =26 ns has been found [46], and for the xenon 6p'[1/2], level t = 41 ns [80]. Both are in
reasonable agreement with literature values of the natural lifetimes for these levels [81, 82],
respectively. Collisional deactivation is negligible at the small neutral particle densities in
the plume mentioned above.

2.2 Single-photon absorption laser-induced fluorescence (LIF)

Different from the TALIF approach, probing rare gas species with LIF, as discussed in
the following, uses excitation of visible or near-infrared transitions arising from lower
excited states populated by collisions in the plasma. Since those transitions are accessi-
ble through tunable narrow-linewidth continuous-wave (cw) lasers, LIF spectroscopy al-
lows for species-sensitive and spatially resolved measurement of spectral absorption line-
shapes, with negligible contributions from laser-linewidth broadening. The laser wave-
length is tuned across the range of interest and the absorption spectrum gets mapped
by synchronously monitoring the fluorescence collected from the detection volume. For
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Figure 3 Excitation schemes used in the present work. Left: TALIF schemes in neutral krypton and neutral
xenon. Right: LIF scheme in neutral xenon (top), spectral positions (line broadening excluded) of the
hyperfine structure lines (bottom)

the LIF investigation of xenon neutrals reported here, the transition scheme shown in
Fig. 3(right, top) has been applied.
In the non-saturated regime, the fluorescence signal S scales linearly with the laser in-

tensity I, and directly reflects the spectral lineshape ¥ of the absorption cross-section
[53]:

S(v =) o Lex ¥ (v — vp). (2)

Above a characteristic, so-called, saturation intensity, the fluorescence intensity becomes
non-linear and grows asymptotically with increasing Iy, as the rate at which atoms in the
lower state absorb laser photons, approaches or exceeds the relaxation rate of the upper
state. Since the saturation intensity intrinsically depends on the spectral lineshape of the
absorption cross-section, a LIF spectrum recorded within the saturated regime shows a
laser intensity dependent broadening, often referred to as power broadening [52, 83].
The absorption cross-section lineshape is the convolution of three contributing parts,
Y = Y * W * Y [54, 63]: (1) Natural broadening, which follows a Lorentzian profile yr,,.
(2) Doppler broadening: Given an atom of the probed species moving with non-vanishing
speed u along the axis defined by the laser beam, its absorption frequency as seen from
the laboratory frame, is shifted from its resonance frequency at rest, vg, by vq = —vou/c.
Then, the velocity distribution function of the species projected onto the laser beam axis,
f(u), directly translates into a distribution of laboratory-frame absorption frequencies,

Ya(v — o) = viof[(l - v—o)c] 3)

(3) The hyperfine structure lineshape function s originating from nine stable or long-
living isotopes, respectively, see Fig. 3(right, bottom): The variance in nuclear mass and
volume results in individually shifted transition lines with their intensities weighted ac-
cording to the isotope abundance distribution. The components related to isotopes with
non-vanishing nuclear spin are subject to further splitting due to the interaction between
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laser beam path are denoted, optical fibers are visualized by curved lines

nuclear magnetic and electric moments with the fields generated by the orbital electrons.
The hyperfine structure is computed on the basis of tabulated isotope data and nuclear-
spin splitting interaction constants from [84], details regarding the reconstruction of the
hyperfine structure lineshape function can be found in [54, 85].

The experimental set-up for LIF spectroscopy can be sectioned into three parts: the laser
system with accompanying diagnostics, the vacuum-sided LIF optics, and the LIF signal
acquisition unit. Figure 4 shows the LIF set-up schematically.

The cw laser system is implemented following the MOPA (master-oscillator power-
amplifier) scheme: A narrow-linewidth extended-cavity diode laser (DL pro, Toptica) with
Littrow design seeds a semiconductor optical amplifier (BoosTA, Toptica) with plano-
tapered active layer waveguide geometry. The seed laser wavelength can be selected be-
tween approximately 800 and 840 nm. Performing a voltage ramp on the piezoelectric
actuator attached to the grating enables quasi-continuous laser wavelength tuning within
a few picometers, by regulating the diode injection current in proportion to the actuator
voltage, a mode-hop-free tuning range up to 32 GHz is reached at 835 nm. The nominal
laser linewidth is 200 kHz.

A fraction of approximately 10% of the power of primary beam is used for characteri-
zation of the laser output. A high-precision self-calibrating lambdameter (WS7-60 UV-I,
HighFinesse) containing a rigid assembly of five Fizeau interferometers is used for mea-
surement of the laser wavelength. The absolute accuracy is 60 MHz, the measurement
resolution is 10 MHz. Since the laser diode injection current varies upon wavelength scan-
ning, laser power monitoring is mandatory for subsequent correction of the LIF signal in-
tensity. Here, a digitally controlled photodiode power sensor (PM100D and S120C, Thor-
labs) is used.

The main beam passes a chopper wheel (SR540, Stanford Research Systems) which pro-
vides the reference signal by two internal optical switches. The chopping frequency is
approximately 960 Hz. The beam is coupled into a single-mode optical fiber by means of
a commercial optical fiber launch (PAF2A-A15B, Thorlabs). Using a vacuum feedthrough
compatible with FC/APC fiber patch cord connectors, the laser beam is guided to the re-
spective optical probe inside the vacuum facility.

Page 8 of 20
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Figure 5 (a) Schematics of the LIF vacuum optics arrangement (not to scale). The effective viewing angles of
the optical probes are restricted due to supporting elements of the ion source; the intermediate angle
between laser propagation and detection axis was set to 45 degrees for optimum laser insertion and
fluorescence detection. (b) lon source discharge chamber and the LIF vacuum setup in side view

The probe optics for fiber decoupling consists of a tiltable fixed-focus collimation unit
that provides a parallel laser beam with 2 mm in diameter, which determines the minimum
width of the probe volume, and thus the lower limit for spatial resolution. The collimator
is protected with an anti-reflection coated window. Fluorescence collection optics uses
two biconvex lenses, which image the detection volume on the aperture of a multi-mode
optical fiber patch cord whose entrance connector can be adjusted with respect to three
degrees of freedom.

A semi-circular mounting with an inner diameter of 200 mm (larger mountings avail-
able) allows for variable placement of both the laser and the fluorescence optics within a
common plane determined by the optical axes intersecting at the probe volume (see Fig. 5).
For the experiments presented in the following, the plane defined by the laser and detec-
tion directions has been arranged perpendicular to the center axis of the ion source. In
that way, the radial velocity component of the investigated plasma species in the discharge
chamber can be measured by aligning the laser beam and the fluorescence detection cone
with one of the gaps between the turns of the ion source rf coil. Here, the probe volume is
located on the cylindrical discharge vessel centerline approximately 20 mm upstream the
screen grid.

The fluorescence signal is detected using a fiber-coupled photomultiplier assembly
(R7518, Hamamatsu), equipped with an optical band-pass filter to select the fluorescence
channel of interest at A = 473.4 nm. The photomultiplier output is integrated using a digi-
tal lock-in amplifier (SR830, Stanford Research Systems). Typical integration times varied
from 300 ms to 3 s for each wavelength step depending on the selected laser power and
the fluorescence intensity level. Data acquisition along with synchronized laser wavelength
tuning is performed via a LabVIEW interface.

3 Results and discussion

3.1 TALIF in the plume of the RIT-10 thruster

First, the linearity of the TALIF signal intensity with the neutral density was checked as
a basic requirement that quantitative analysis of relative and absolute neutral densities
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Figure 6 TALIF signal measured for krypton background densities in the vacuum facility, measured during
cold gas flow operation at a distance appropriately aside the thruster axis

is possible for the given experimental parameters. The laser pulse energy is fixed, and
remains unchanged in all following measurements. The detection volume is slightly de-
focussed with respect to the focal point of the laser beam focussing lens, which also is
kept constant henceforth. The measurement position was sufficiently far off the central
axis of the thruster, so that the TALIF signal can be assumed to reflect the background
neutral density in the vacuum facility, which was varied with the cold gas flow through
the thruster.

Figure 6 shows the TALIF signal intensity plotted over the estimated krypton density at
the measurement position. Each data point corresponds to a full scan of the absorption
profile, accumulating typically 1500 laser pulses at each wavelength step. The laser pulse
repetition frequency is 10 Hz. Full absorption profile scanning, although costly in terms of
measurement time, has been maintained in all experiments, with exception of the radial
profile shown in Fig. 8. The time-resolved fluorescence is recorded for every laser pulse,
with examples of spectral profiles and the fluorescence decay shown in [46]. Figure 6 veri-
fies that the TALIF signal is linear over the range of expected neutral krypton densities in
the plume.

The densities given on the abscissa in Fig. 6, however, deserve some attention. As it is
common for the background pressure, the density needs to be calculated from a pressure
measurement, which faces considerable uncertainties with respect to absolute numbers
at pressure ranges of about 10> mbar or below. Including gas correction needed for using
hot cathode gauges, uncertainties accumulate to at least 20 — 30%, as already mentioned
in [46]. It is emphasized that this problem affects calibration to absolute densities, while
relative changes may be regarded as much more accurate. This is not a serious drawback
here, since the interest in these first experiments concentrates on relative density measure-
ments, and a procedure for the absolute calibration circumventing the need for pressure
measurements at such low ranges is currently under investigation.

Figure 7 shows axial profiles of the neutral density in the plume of the RIT-10 measured
for operation with krypton. Measurement positions are on the central thruster axis. The
thruster was operated at 8 sccm at a beam current of 210 mA. These parameters have
been selected as a test case for the TALIF approach, rather than a thruster operating con-
dition, which is commonly operated with xenon at some lower mass flows and higher mass
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utilization efficiencies. Here, measurements under thruster operation and in the cold gas
flow have been recorded consecutively, turning off the ion extraction for the cold gas flow.
Since the width of the absorption profile is dominated by the linewidth of the dye laser,
variations in the Doppler width resulting from variations in the temperature of the de-
tected neutral krypton atoms are so small over the expected temperature range that they
are regarded as negligible.

The krypton background density in the vacuum facility (dashed straight line in Fig. 7)
has been estimated from the averaged TALIF signal ratios for each axial measurement po-
sition and the mass utilization efficiency calculated for the operating condition above. As it
can be seen, the contribution of the background density to the TALIF signals is still signif-
icant in our vacuum facility, at least at the investigated axial measurement distances. This
might be improved by a higher pumping speed in the future. Obviously, the correction
of the TALIF signal for the background density becomes more accurate for measurement
positions closer to the accelerator grid. However, the present limitation is due to the RIT-
10 itself: Since the thruster housing protrudes over the plane defined by the accelerator
grid on the central thruster axis by approximately 6 cm, and laser beam and detection di-
rections were perpendicular the thruster axis, no measurement positions closer than 7 cm
were possible in the current set-up. Alternative experimental geometries, as worked out
currently, shall overcome such spatial restrictions.

The result of a radial scan at an axial distance of 8 cm is shown in Fig. 8. The measure-
ment has been conducted in the cold gas flow at 12 sccm of krypton, which is approx-
imately twice the mass flow that is typical for a RIT-10, but may be taken as a starting
point for neutral gas expansion analysis. Here, instead of recording a full spectral scan of
the absorption profile for every radial position, the laser wavelength was set fixed to the
absorption maximum in a spectral scan performed directly before the radial scan started.
Then, the fluorescence of 1500 laser pulses has been accumulated for every radial posi-
tion. Care has been taken to check that no instrumental drift affects the signal intensities
by repeating the measurement at the initial radial position after the radial scan was com-

pleted.
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As expected, the TALIF intensity drops from the center towards outer radial positions,
and approaches asymptotically the intensity of the background density in the facility. In
Fig. 8, the shape of the radial distribution is compared to an analytic isotropic gas expan-
sion model [48, 86]

(4)

Y2 (dy2 _
WX<1_ (5P + (@1 -1 )
I+ (22 + (@21 - a(p)?

wherein d is the distance to the accelerator plane, R the grid extraction radius, and r the
radial coordinate.

Although the shape of the profiles seem to be in good agreement, it cannot be expected
that Eq. (4) yields a comprehensive model of the neutral gas expansion, since the more
detailed thruster geometry such as the aforementioned protrusion of the housing, or the
grid curvature are not included. No attempt has been made so far to compare the axial and
radial data to the model mentioned above, or to a more sophisticated consistent model of
neutral gas expansion, since an extensive number of axial and radial profiles are required,
including in particular the area close to the accelerator grid, which is, however, content of
ongoing work.

Figure 9 displays the dependency of the TALIF intensity on the beam current for thruster
operation at a krypton flow of 7 sccm. The measurement position was at an axial distance
of 8 cm on the central thruster axis. As expected, the signal drops with increasing beam
current, reflecting the increasing mass utilization efficiency. Extrapolating the data to the
equivalent current of the mass flow, the background TALIF intensity is found to be in

reasonable agreement to the previous measurements.

3.2 TALIF and LIF in the discharge chamber of an ion source

Another step in non-intrusive diagnostics development is aiming at the application of LIF
and TALIF inside the discharge chamber of an ion thruster. Here, the neutral densities of
xenon or krypton are larger than in the plume, however, the resulting TALIF signal gain
goes along with significantly stronger plasma emission that may considerably perturb the
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Figure 10 Left: Directions of excitation and fluorescence detection in a TALIF approach inside the discharge
chamber of an ion source. Right: TALIF profile in the discharge chamber for the indicated operation condition

measured absorption profiles. For non-ground state LIF, the situation is different, since
excited low-energy levels populated by collisions within the discharge are the key element
of any excitation scheme. In either case, optical access at least in the direction of laser
propagation must be available. Since this would require significant modifications to an
ion thruster, first measurements have been carried out on the IOM-developed gridded ion
source ISQ40RF [74], which is equipped with an UV fused silica discharge chamber wall,
providing sufficient space that the laser beam can propagate into the chamber between
the coil windings.

In a first approach, TALIF signals in neutral xenon were detected through the grid holes
in the direction of the ion source axis (Fig. 10, left), circumventing a second path for detec-
tion through the discharge chamber wall. The measurement position was approximately
1 cm upstream of the screen grid, the ion source was located approximately 40 cm from
the window of the vacuum facility. The position of the center grid hole with respect to the
detection axis was optimized in the cold gas flow, in which also the linearity of the TALIF

signal with the mass flow was checked.
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Figure 11 (a) Xenon LIF spectra of the transition at 834.7 nm measured in the center of the ion source
discharge chamber for three different operation conditions (normalization to maximum LIF intensity; dotted
lines are guides to the eyes). The computed naturally broadened hyperfine structure lineshape has been
drawn with a vertical offset for clarity. The inset shows the line center with a stretched frequency detuning
axis. (b) Doppler lineshapes (projected radial velocity distribution functions, respectively) extracted from the
LIF spectra (circle markers) and best-fit Gaussian profiles (solid lines) depending on the respective kinetic
temperature of the xenon neutrals

When the ion source was turned on, strong emission from the plasma was detected,
depending on the rf power. The fluorescence was isolated at the transition at 788.7 nm,
minimizing line blending of the most prominent xenon emission lines using the bandpass
filter. However, TALIF signals have been acquired under discharge conditions, with an
example shown in Fig. 10 (right). Signals were detectable for mass efficiencies up to 20-
25%, above that limit the background emission perturbed the TALIF signal too strongly
for analysis. Since it is obvious that neutral particle densities at operating conditions at
higher mass utilization efficiencies are of interest, forthcoming experiments concentrate
on improving the signal-to-noise ratio, including the set-up of another detection direction.

Unlike the TALIF measurements, LIF signals from the discharge chamber have been de-
tected in radial direction through the UV fused silica vessel. The velocity component in
parallel to the radially injected laser beam has been examined. Figure 11(a) shows LIF spec-
tra recorded for three operating conditions with different rf powers supplied to the dis-
charge. The measurements were conducted with the laser intensity reduced to the greatest
possible extend (approximately 4 mW net laser power). In that way, the LIF intensity was
large enough to keep noise at an acceptable level while power broadening of the LIF spec-
tra was suppressed almost completely. Thus, the normalized LIF spectrum is assumed to
coincide widely with the spectral lineshape of the absorption cross-section.

Since the lower state of the transition at 834.7 nm is resonantly coupled to the ground
state, resonance broadening might occur. In fact, preliminary testing of the LIF setup by
replacing the ion source with a commercial xenon spectral calibration lamp (Model 6033,
Newport/Oriel Instruments) revealed that resonance broadening is the dominating spec-
tral feature of the lamp within the respective pressure regime. Using the same calibra-
tion lamp model, Svarnas et al. observed a spectral line broadening of the same kind [63].
Cedolin et al. investigated resonance broadening in conjunction with a similar xenon tran-
sition at 828.0 nm [87]. However, for the ion source examined here with a gas pressure in
the discharge chamber in the order of 10~3 mbar, the corresponding resonance broaden-
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ing width amounts to a few tens of kHz which is well below the expected Doppler width
of several hundreds of MHz, or even the natural linewidth of about 50 MHz. Therefore,
resonance broadening and further collisional-induced broadening (which should be even
weaker) may be neglected when probing xenon neutrals in the ion source discharge cham-
ber. Moreover, potential spectral broadening resulting from Zeeman splitting or the Stark
effect can be ruled out on account of the absence of strong magnetic or electric fields at
the location of the LIF probe volume.

To extract velocity distribution functions from the measured LIF spectra, the hyperfine
structure of the transition lineshape along with natural broadening was eliminated using
Fourier deconvolution as proposed in [88]. The convolution of the absorption lineshape
constituents is equivalent to multiplication of their Fourier transforms. Therefore, any LIF
spectrum (measured in the non-saturated regime) may be reduced to the Doppler-induced
lineshape profile by dividing the Fourier transforms of the normalized LIF spectrum and
the modeled hyperfine structure including natural broadening. Instead of reconstructing
the entire absorption lineshape at once and adjusting it to the measured LIF spectra by
curve-fitting methods, the Fourier deconvolution approach directly yields the (projected)
velocity distribution function and does not require a-priori modeling of its actual shape.

Embedding additional filters helps to reduce noise induced by discrete sampling in
Fourier space. Here, a filter window of boxcar-type was adjusted to each dataset individu-
ally to prevent the deconvolution results from filter broadening artifacts. Applying Eq. (3),
the Doppler lineshapes obtained this way can be converted to the projected radial velocity
distribution function of the xenon neutrals for either ion source operating condition, see
Fig. 11(b).

The extracted Doppler lineshapes are well approximated by a Gaussian profile function,

2
Vi(v—vp) = Aexp |:—41n(2)(w) ], (5)

5vd

indicating that the radial velocity component follows a one-dimensional Maxwellian
distribution. Assuming the xenon neutrals are not subject to radial drift, the Doppler
shift Avq measured with radial laser injection must vanish. However, a curve-fitting anal-
ysis yields finite Doppler shifts of approximately —100 MHz for each of the selected op-
eration conditions. While this would correspond to xenon neutrals preferentially moving
away from the laser source at an average speed of about 85 m/s, the observed LIF spectrum
redshifts rather result from an systematic error concerning the laser wavelength monitor-
ing. This might result from suboptimal illumination of the Fizeau interferometer assem-
bly within the lambdameter due to coupling with a multimode optical fiber, and hence,
a reduction of the absolute accuracy of the read-out wavelength in conjunction with the
interferogram calculations handled by the device, which will be improved using a single-
mode fiber coupling in future measurements. Further issues that may introduce systematic
shifts of the monitored laser wavelength, such as a time delay between incrementing the
laser head piezo voltage and the laser wavelength read out as well as improper choice of
the laser wavelength sweep rate in comparison to a given lock-in integration time, have
been carefully studied in advance and their occurrence has been prevented via appropriate
design of the set-up control interface.

As it has been illustrated in Fig. 11, the LIF spectrum and the underlying Doppler line-
shape show increasing broadening along with increasing absorbed rf power. Due to equiv-
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alence between a Gaussian Doppler lineshape and a Maxwellian velocity distribution func-
tion, the Doppler FWHM is directly connected with the kinetic temperature T":

kT
svg = 22 [8In(2)2". 6)
C m

With m set to the average atomic weight of xenon of 131.29 u [89], the kinetic temperature
of the xenon neutrals is inferred to increase from 560 to 740 K within the tested range of

rf powers.

4 Conclusion

TALIF and LIF spectroscopy has been carried out on gridded ion sources. TALIF measure-
ments in neutral krypton are demonstrated in the plume of the gridded ion thruster RIT-
10. First results show that axial and radial mapping of the neutral density can be worked
out with the newly installed set-up. Although only results for krypton have been shown
here, also neutral xenon can be investigated, for which similar signal-to-noise ratios in
some parallel experiments at standard thruster operation conditions were found.

As part of a future fully-extended mapping of neutral densities, the need to extend mea-
surements to the near-field directly behind the accelerator grid, or ideally to the inter-grid
spacing will be addressed in current modifications of the experimental geometry. This is
important as neutral densities significantly contribute to grid erosion via charge exchange
processes. Measurement positions close to the exit plane will also allow for direct com-
parison with numerically computed neutral densities using the IOM-developed erosion
code DYNASIM. The effort goes along with the implementation of an improved dye laser
system.

In addition, TALIF and LIF measurements inside the discharge chamber of a gridded ion
source have been presented. First LIF measurements provided reasonable results of the
neutral xenon temperature. Both techniques are demonstrated to be applicable for future
measurements on a thruster with appropriate modifications for optical access. The newly
set up LIF probe is compatible to be mounted on the AEPD system, and both diagnostics
are intended to be used as part of the AEPD system in future ion thruster measurement
campaigns.
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