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ABSTRACT

There is a growing demand for plasma diagnostics suitable for industrial plasma reactors employed in semiconductor nanofabrication,
especially relevant to microelectronics and quantum information systems. Such reactors typically have limited optical access and pose
considerable diagnostic challenges, including intense background emission, significant thermal loads, and contamination of optical viewports.
In this study, we outline research into structured light techniques (laser beams with tailored spatial, temporal, or phase characteristics) that
effectively overcome these issues using laser-induced fluorescence (LIF) as an example. The focus of presented diagnostics is on ion kinetics
analysis within an industrial plasma source, although this approach is broadly applicable to other plasma systems and diagnostic contexts.
We present a confocal LIF implementation using an axicon-generated Bessel annular beam, achieving spatial resolutions of approximately
5mm at a focal distance of 300mm, with potential improvements to about 1mm. This approach matches conventional orthogonal LIF per-
formance but requires only one optical port. Wavelength-modulation LIF employs nonlinear laser wavelength tuning to measure spectral line
derivatives, suppressing background emission and enhancing details of spectral line shape. Additionally, we present new results on applying
vortex beams (laser beams carrying orbital angular momentum, OAM) for LIF measurements in an industrial plasma device. These measure-
ments enable simultaneous axial and tangential velocity determination using a single laser beam and have been tested with xenon ion
transition. Initial quantification of results was performed. Together, these structured-light approaches provide robust, background-resilient,
multi-dimensional diagnostics for complex plasma environments.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0281099

I. INTRODUCTION

Optical diagnostics are essential tools for plasma research, provid-
ing direct, in situ measurements of plasma properties.1,2 Laser-based
diagnostics3 represent a significant subset, utilizing laser beams to
interact selectively with specific plasma species like electrons, atoms,
ions, or molecules.4 Analyzing the resulting scattered light, absorption,
or fluorescence yields detailed species-specific information with high
spatial and in some cases temporal resolution. Common methods
include Thomson scattering,5 laser absorption spectroscopy,6,7 and
laser-induced fluorescence.8 These techniques are widely applied in
fundamental plasma studies (e.g., plasma-wall interactions,9,10 fusion
experiments11) and applied research like electric propulsion12 and
industrial plasma processing.13,14

Industrial plasma reactors used in semiconductor fabrication
need advanced in situ diagnostics for better understanding of physical

processed or real time control15–20 yet transferring laboratory tools
into these chambers is challenging.21 The reactors contain hazardous
gases, operate over wide temperature ranges, and have opaque conduc-
tive or dielectric walls that block light. Because these walls control the
discharge through plasma–surface interactions,22,23 adding new view-
ports could disrupt the process. Intense emission from arcs or hot fila-
ments masks weak diagnostic signals. Safety constraints often require
placement of optics and detectors far from the chamber, although high
selectivity and spatial resolution must be maintained. Any diagnostic
for this setting must therefore work through restricted or indirect
sight-lines, reject strong background emission, and maintain high-
resolution performance at a distance. Additionally, conventional laser
diagnostics probe plasma only along the beam axis, so they miss aniso-
tropic effects such as ion motion parallel and perpendicular to surfaces.
Alternative methods are needed that could provide multi-dimensional
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data from a single beam. Such diagnostics would significantly surpass
the capabilities of simpler, bulk-averaged methods like optical emission
spectroscopy (OES).24–27 Moreover, such diagnostics would generate
data for validating computational codes and developing physics-
informed machine learning techniques. Although industry drives this
development, the resulting techniques will also expand experimental
capability in laboratory plasmas beyond bulk-averaged tools like opti-
cal emission spectroscopy.

Laser-induced fluorescence (LIF) is the main diagnostic examined
in this paper and is considered as a standard tool for measuring ions,
neutral atoms, and molecules in low-temperature plasmas. In LIF, a
laser is tuned to a specific atomic or ionic transition and illuminates
the plasma; the excited species then emit fluorescence as they relax to
lower energy states. By scanning the laser wavelength across the chosen
line, one records a fluorescence spectrum whose Doppler shift reveals
particle flow velocity, while its linewidth reflects particle temperature
and energy spread. Because LIF is highly sensitive, species-selective,
and only weakly intrusive, it can track plasma dynamics in real time
without noticeably disturbing the discharge.

In this paper, we explore structured light28 techniques within the
context of LIF diagnostics. Structured light refers to laser beams engi-
neered by shaping spatial intensity, phase, polarization, temporal, or
frequency properties. Optical vortex beams29 are a prominent example
and have enabled advances in optical communications,30 micromanip-
ulation, quantum information,31 and super-resolution imaging. Yet,
the potential of structured light beams for plasma diagnostics is largely
unexplored with only a few recent examples.32,33 While our examples
focus on LIF, the challenges addressed—limited optical access, strong
background noise, and the need for more complex, multidimensional
measurements from a single beam—are broadly relevant to other
laser-based plasma diagnostics. We present three structured-light
approaches, each targeting one of these key limitations: (1) confocal
LIF employing structured annular beams to overcome limited optical
access;34 (2) wavelength-modulation LIF to effectively extract complex
velocity distribution function (VDF) shapes from noise environment;35

and (3) vortex-beam-based LIF to enable two-dimensional (2D) VDF
measurements using only a single laser beam.32,36

This paper is organized as follows: Sec. II introduces basic princi-
ples of LIF diagnostics. Section III demonstrates practical implementa-
tions and advantages of structured-light techniques, detailing results
obtained from confocal, wavelength-modulation, and vortex-beam LIF
experiments. Section IV describes the experimental setups and LIF
arrangement for conventional and vortex LIF setups. Section V briefly
describes the results obtained. Finally, Sec. VI summarizes the paper
and provides an outlook on future developments and broader applica-
tions of structured-light diagnostics in plasma research and industrial
settings.

II. DOPPLER SHIFT BASED LASER INDUCED
FLUORESCENCE

Laser-induced fluorescence (LIF) spectroscopy is a minimally
perturbative optical diagnostic technique widely used in plasma phys-
ics to obtain spatially and temporally resolved measurements of key
plasma properties. In this method, a tunable laser is set to match a res-
onant transition of a selected plasma species—such as atoms, ions, or
molecules. Since the laser wavelength is tuned to a specific electronic
transition, LIF provides highly selective, species-specific measure-
ments. Only those particles that satisfy the resonance condition will
absorb the laser photons and be excited to a higher electronic state.
The excited species then decay spontaneously, emitting fluorescence
photons that can be detected. LIF can be used to measure population
densities in specific quantum states and VDFs, which contain informa-
tion about temperatures, flow velocities, or electric fields or ionization
collisions.37,38 In some cases, electric and magnetic fields can also be
directly determined through Stark39 and Zeeman40–42 effects, respec-
tively. The description below refers specifically to excitation by single-
photon absorption, commonly known as single-photon LIF. Excitation
through multi-photon absorption is also possible, although it is not
considered here; see Refs. 43 and 44 for further discussion.

In practical implementations of LIF, the laser most often excites
particles from a metastable state—a long-lived excited level populated
in the plasma primarily through collisions with electrons. These meta-
stable states generally have sufficient population in low-temperature
plasmas and feature transition wavelengths accessible with commer-
cially available lasers. To obtain ground-state properties frommeasure-
ments of metastable populations, one must assume thermal or
collisional equilibrium between these states. Examples of two LIF tran-
sitions for Arþ10,45 and Xeþ46,47 that were used in this work are shown
in Figs. 1(a) and 1(b).

Laser excitation must obey standard quantum selection rules,48

which depend on angular momentum coupling schemes and transition
multipole types (e.g., electric dipole, quadrupole). Although “forbidden”
transitions can occur through higher-order processes such as magnetic
dipole or electric quadrupole mechanisms, their rates are typically too
low to produce detectable fluorescence signals under standard condi-
tions. After excitation, the upper state can decay to the lower level either
resonantly (returning to the original state) or non-resonantly (decaying
to a different state). Non-resonant fluorescence is generally preferred, as
it occurs at a wavelength different from the excitation laser, simplifying
detection by reducing background interference. The detected fluores-
cence intensity is directly proportional to the population of the initial
(excited) state and depends on several physical and instrumental param-
eters. In the weak laser intensity limit, the fluorescence signal depends
on: (1) the upper state lifetime, including radiative and quenching

FIG. 1. Laser-induced fluorescence (LIF)
excitation schemes for Arþ (a) and Xeþ
(b) metastable states. All wavelengths are
given in vacuum. Energy levels and transi-
tion data are based on NIST Atomic
Spectra Database. Diagrams are not to
scale.
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contributions; (2) the absorption cross section; (3) the initial density of
the probed state; (4) the spectral overlap between the laser and absorp-
tion line profiles; and (5) the laser photon flux. When these factors are
properly characterized and calibrated, LIF enables both relative and
absolute measurements of population densities.

One of the important properties that can be inferred from LIF
measurements is the VDF. The VDF is central to understanding a plas-
ma’s thermodynamic state, as it contains information about the tem-
perature, mean (bulk) velocity, and most probable velocity of the
plasma species. In cases where the distribution deviates from
Maxwellian—such as with energetic tails—it can also provide insights
into physical processes like charge exchange or electric field. The fun-
damental principle is that moving particles perceive the laser frequency
as shifted from resonance due to the Doppler effect. As illustrated in
Fig. 2, only those particles whose velocity component along the laser
beam wavevector k matches the Doppler-shifted resonance condition
will absorb the light [Fig. 2(a)]. After excitation, they de-excite and
emit fluorescence photons [Fig. 2(b)]. Particles with other velocities
remain off resonance and are not excited [Fig. 2(c)].

Quantitatively, consider a particle (ion or atom) moving at veloc-
ity v in the laboratory frame. The laser frequency x in the lab frame is
seen by the particle as x0 ¼ xþ k � v. For the particle to absorb the
photon,x0 must equal the transition frequencyx0,

x� x0 ¼ �k � v: (1)

A positive Doppler shift (k � v < 0) corresponds to a blue shift (parti-
cle moving opposite to k, increasing absorption frequency), while a
negative shift (k � v > 0) corresponds to a red shift (particle is moving
opposite to k, decreasing absorption frequency). This means that the
laser should be tuned to lower frequencies (red shifted) to detect par-
ticles moving toward the laser, and to higher frequencies (blue shifted)
when detecting particles moving away from the laser.

Because particles in the plasma have a range of velocities, the
absorption line becomes Doppler-broadened. By scanning the laser
frequency across this broadened line and recording the fluorescence
signal at each point, one obtains a velocity-resolved signal that directly

reconstructs the VDFs profile. The full velocity distribution is mea-
sured, not just average quantities. From these data, important plasma
parameters can be extracted. For example, the ion temperature is
related to the width of the Doppler-broadened profile (wider distribu-
tion implies higher thermal speeds), and the mean flow velocity is indi-
cated by the shift of the distribution’s centroid (if the whole VDF is
displaced from zero velocity). In a Maxwellian plasma, the fluorescence
line shape is roughly Gaussian, whose width yields the temperature
and whose centroid shift yields the bulk flow or drift speed. Moreover,
measured VDFs provide rich thermodynamic information about
plasma: one can determine not only temperature and flow, but also
detect non-Maxwellian features, velocity-space diffusion, or multiple
populations. The ability to obtain time-resolved and spatially resolved
VDFs allows detailed studies of plasma kinetics and transport.

An example of ion VDF (IVDF) obtained for argon ion in system
described in Sec. IV is shown in Fig. 3. Fitting with a Maxwellian distri-
bution is performed and flow velocity and temperature of the population
are extracted. It is important to emphasize that post-processing of LIF
results—particularly the reconstruction of the VDF—requires careful
consideration of factors beyond Doppler broadening. While the Doppler
effect dominates the line shape in many cases, other effects—such as
Zeeman splitting, power broadening, collisional broadening, and satura-
tion3,49—can significantly alter the fluorescence profile. These contribu-
tions depend on parameters like applied magnetic field strength, laser
power, background pressure, and collisional environment. If not properly
accounted for, they may distort the measured VDF and lead to nonphys-
ical interpretations. Accurate analysis must therefore include correction
for these effects to ensure reliable extraction of plasma parameters.

III. STRUCTURED LIGHT

Structured light28,50 describes laser beams whose spatial, tempo-
ral, or phase profile is specifically engineered, in contrast to the

FIG. 2. Schematic illustration of Doppler-shift-based LIF. (a) A stationary particle
absorbs laser light when the incoming photon frequency matches the resonant tran-
sition, leading to excitation. (b) The excited particle subsequently decays and emits
a fluorescence photon. (c) A particle moving away from the laser source perceives
the laser light as red-shifted and does not absorb it, so no excitation occurs. (d)
General case for a particle with velocity matching the Doppler-shifted resonance
condition. Only such particles will contribute to the LIF signal.

FIG. 3. Example of IVDF shape obtained for argon ions. Fitting is performed with a
Maxwellian function with v2red used as a goodness of measure and flow velocities
and temperatures are estimated.
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Gaussian (TEM00) mode. Such beams can be manipulated along many
degrees of freedom—frequency, duration, complex amplitude, polari-
zation, and full three-dimensional structure—to create rings (Bessel
beams),51 optical vortices with orbital angular momentum,52 or pat-
terns modulated in time or space.53 These tailored fields provide new
mechanisms in numerous optical techniques. Structured illumination
and confocal microscopy54 push resolution beyond the diffraction
limit, spectroscopy, and other sensing tasks also benefit from the added
control.55,56 Vortex beams enable optical tweezers to trap, translate,
and rotate microparticles with high precision.57 In quantum optics and
free-space communication, higher-order modes encode and multiplex
information in high-dimensional Hilbert spaces, providing secure and
efficient data transfer.58 Despite their extensive applications across
many fields, structured light is largely unexplored for plasma diagnos-
tic. A few examples include planar sheets in LIF59 or Airy beams in
laser-induced breakdown spectroscopy.60 Most measurements still rely
on simple TEM00 beams. Extending structured beams to plasma
research promises advances for both fundamental science and indus-
trial applications.

Structured light can be broadly categorized as spatially structured
beams and spatiotemporal beams.61 A spatially structured beam has
an inhomogeneous amplitude or phase profile at a fixed moment in
time. These beams are classified based on the plane of their inhomoge-
neities: transverse beams (Hermite–Gaussian, Laguerre–Gaussian,
Bessel, and vortex beams that carry orbital angular momentum, as well
as radially or azimuthally polarized vector beams) or longitudinal
beams (Airy beams with parabolic trajectories, Mathieu beams, wind-
ing beams with elliptical trajectories). Spatiotemporal beams62 extend
the concept by linking spatial structure to a synchronized temporal
modulation, producing patterns that change in both space and time.
Conventional adjustments of a laser’s amplitude or wavelength are not
usually labeled structured light yet nonlinear modulation of these
quantities can yield complex, tailored illumination that serves the same
purpose.

Generation and characterization of structured light beams consti-
tute actively developing research areas, closely linked to the expanding
applicationsmentioned above. Spatial lightmodulators,63metasurfaces,64

and holographic phase masks65 are commonly utilized tools to precisely
control beam amplitude, phase, and temporal properties. In this work,
diffractive optical elements, specifically axicons and spiral phase plates,
were employed to shape beam profiles, and characterization was per-
formed using a beam profiler.

In this work, we demonstrate several examples of structured light
applications in plasma spectroscopy. Three structured light types were
utilized: Bessel beams for spatial structuring applied to confocal LIF,34

control of light over nonlinear trajectories in frequency space for wave-
length modulation LIF,35 and vortex beams carrying orbital angular
momentum for multidimensional LIF.36 These beam types made it
possible to address challenges such as limited optical access and high
background noise, while also enabling the extraction of multidimen-
sional properties with a single laser beam.

A. Annular beam confocal LIF—ABC-LIF

A confocal approach was introduced into microscopy66 and relies
on optical arrangement where laser beam and collection optics share
the same optical axis, and spatial resolution is achieved by point illumi-
nation with tightly focused laser beam and pinhole detection of the

signal light to reject out-of-focus light. Although widely adopted in
biological imaging or material diagnostics (e.g., confocal Raman67),
confocal setups are less common in plasma research, where multiport
access is often available and need for such approach is limited.

The achievable spatial resolution along the laser beam path
largely depends on the depth of field (DoF) of the focused laser beam.
This represents the primary limitation of the confocal approach in
plasma diagnostics. Typically, plasma interrogation volumes are
located far from the optics due to the presence of vacuum systems and
related hardware. Consequently, the optical system’s DoF significantly
exceeds the characteristic dimensions of interest, such as plasma sheath
thickness. Moreover, in single-photon LIF, the fluorescence signal
scales linearly with laser intensity, causing light from out-of-focus
regions to strongly degrade spatial resolution. Approaches like beam
expansion or insertion of an obstructing disk have been tested to
reduce the DoF or minimize the overlap between laser and fluores-
cence collection volumes. However, these methods resulted only in
limited improvements to spatial resolution or cause reduction of sig-
nal-to-noise ratio (SNR) when finer resolution is required, as they
maintained a Gaussian profile and focused mainly on manipulating
collected fluorescence rather than the laser beam itself.

Annular (or Bessel) beams offer an alternative method to enhance
resolution and reduce scattering. Generated using optical elements
such as axicons, these beams exhibit radially varying intensity profiles.
This characteristic allows distinct separation of the laser beam path
from the fluorescence collection path, which is enclosed by the laser
beam. Consequently, spatial resolution is fully governed by laser beam
parameters and can be directly calculated using a straightforward for-
mula for the DoF

DoF ¼ 4kf
pd

1
sin atan R=fð Þð Þ ; (2)

where the annular beam with wavelength k, radius R, and annulus
thickness d is focused by the lens with a focus length f . For the setup
used in this work, R � 11mm, d ¼ 1:5mm, f ¼ 300mm; and
k ¼ 668 nm, the theoretical DOF is approximately 4.6mm. However,
real systems must account for nonuniform intensity distributions and
optical aberrations, especially at greater focal distances. The laser beam
intensity distribution near the focal point is shown in Fig. 4 and was
reconstructed using a CMOS camera mounted on a movable stage (fur-
ther details in Ref. 34). The fluorescence emission path was fully
enclosed within the laser beam cone, effectively preventing overlap
between excitation and collection paths. Furthermore, if a reflective wall
is placed behind the interrogation volume, any back-reflected laser light
diverges away from the collection optics, significantly reducing scatter-
ing and background signal. Figure 4 illustrates this arrangement. The
laser-beam wavevector is indicated, while the collected fluorescence is
depicted as a blue cone. The diagram highlights that the laser and collec-
tion paths are spatially separated, which minimizes scattered laser light
and beam-wing contributions to the LIF signal.

B. Wavelength-modulation LIF—WM-LIF

Another way to manipulate a laser beam is in a frequency space.
In wavelength modulation spectroscopy (WMS),68,69 the laser wave-
length is sinusoidally modulated around central frequency while slowly
scanning across central absorption frequency �0. This technique
involves detecting and analyzing the modulated fluorescence signal at
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harmonics of the modulation frequency, typically the first or second
harmonic. WMS enhances sensitivity to small spectral features by
extracting the derivatives of the absorption profile.70 It improves the
signal-to-noise ratio by shifting the detection into a higher-
frequency range, potentially reducing 1=f noise (at higher modula-
tion frequencies), and provides a background-free signal, increasing
the detector’s dynamic range. The general schematic of the
wavelength-modulated laser-induced fluorescence (WM-LIF)
method is shown in Fig. 5. As the modulated laser beam (at fre-
quency fmod) is scanned across a Doppler-broadened absorption pro-
file, the resulting fluorescence signal carries both the absorption
information and the modulation imprint. By selecting proper values
of modulation amplitude Dx and fmod it can be demonstrated that
demodulation of the signal at the nth harmonic of the fmod isolates
the nth derivative of the absorption line shape. This strategy differs
from conventional amplitude-modulated (AM) LIF, in which the
laser intensity is modulated at a fixed reference frequency or in a
more complex way71 and after extracted from the collected signal.
Fluorescence bearing the same AM signature is recovered from
background noise with a lock-in amplifier referenced to that fre-
quency, and the demodulated signal directly yields the VDF shape.

It is worth noting related approaches that use harmonic extrac-
tion. For example, Ref. 72 relies on heterodyne LIF detection that
demodulates at the plasma oscillation (or drive) frequency to isolate
the time-varying perturbation of the VDF, rather than recovering a
spectral derivative via wavelength modulation. In contrast,
wavelength-modulation LIF modulates the laser frequency and uses
harmonic detection to measure derivatives of the fluorescence line,
which boosts SNR and suppresses the baseline.

In the example shown in Fig. 5, the absorption profile consists of
two Maxwellian VDFs, one centered at x and another shifted, partially
overlapping with background emission. The presence of the second

component becomes clearly visible in the second harmonic (second
derivative) signal shown in the bottom right panel. More detailed
descriptions of this technique and its application to laser-induced fluo-
rescence measurements can be found in Ref. 35. The main motivation
for using WM-LIF is to improve signal detection in noisy environ-
ments with strong background emissions and complex VDF shapes,
which make accurate signal analysis difficult.

C. Vortex LIF

One key example of structured light is laser beams carrying
OAM. In 1992, Allen et al. showed73 that a light beam with a helical
phase front carries a quantized OAM along its propagation axis, with
each photon having angular momentum Lz ¼ l�h, where l is the topo-
logical charge. Laguerre–Gaussian (LG) modes are standard examples,
with wavefunctions containing expðil/Þ term, where / is the azi-
muthal coordinate. This azimuthal phase dependence twists the wave-
front, causing the time-averaged Poynting vector to acquire an
azimuthal component, leading the beam energy to spiral around the
axis. The angle b between the Poynting vector and the axis at radial
distance r is b ¼ l=ðkrÞ, where k is the axial wavevector magnitude. At
r ¼ 0, the phase is undefined, producing a singularity and forming the
characteristic doughnut-shaped intensity profile.

When an atom moves through a light beam, it experiences a
Doppler shift determined by the rate at which the optical phase
changes along its trajectory. For a conventional plane wave, this shift
depends only on the component of atomic velocity along the beam’s
propagation direction as it is described by Eq. (1). A Laguerre–
Gaussian beam carries OAM, and its phase varying along the beam
axis as well as azimuthally is U ¼ kz þ l/. This form assumes paraxial
approximation and then curvature terms can be neglected, which is
true in current work as collimated beam was used. An atom with

FIG. 4. Reconstructed 3D profile of focused annular beam. Note logarithmic inten-
sity scale with most of the laser beam intensity within the focal spot. Arrow marks
the direction of the wavevector. Blue cone marks the collected fluorescence cone,
showing that laser beam paths and collected fluorescence light path are separated.

FIG. 5. Schematic of the wavelength-modulated laser-induced fluorescence (WM-
LIF) approach. The laser frequency is sinusoidally modulated around the central
absorption frequency x0 with the frequency 1=fmod and amplitude Dx. The modu-
lated beam interacts with a Doppler-broadened absorption profile, generating a
complex fluorescence signal. Demodulation of the fluorescence signal at a harmonic
of the modulation frequency (nfmodÞ. Frequency and amplitude of the modulation is
not to scale. Absorption profile (top left) and its second derivative (bottom right) are
theoretical estimation.
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velocity components (V/; VZ) therefore samples two phase gradients:
kẑ and l/̂. The frequency it perceives is shifted by

DxLG ¼ �kVz � lV/=r: (3)

The first term is the longitudinal Doppler shift. The second, the rota-
tional (azimuthal) Doppler shift, is proportional to the OAM index l
and inversely proportional to the radial distance r from the beam axis.
The nature of this shift can be understood as follows. Revolution of the
helical phase advances the field by l optical cycles, an atom with angu-
lar speed V/=r detects an additional beat frequency lV/=r. Figure 6
illustrates this concept: a particle crosses the helical wavefronts and
experiences phase changes set by both axial and azimuthal geometry.
Geometrically, the local Poynting vector traces a helix, and projecting
the atomic velocity onto its axial and azimuthal directions yields the
two Doppler contributions above.

The azimuthal Doppler shift enables extraction of more informa-
tion with LIF diagnostics. In a vortex beam the resonant absorption
frequency depends on both azimuthal velocity and radial position.
When the laser carrier frequency plus the longitudinal and azimuthal
Doppler terms matches the atomic resonance, excitation and fluores-
cence occur. Yoshimura et al.32,36 first suggested applying this principle
to plasma studies, demonstrating absorption74,75 and fluorescence
measurements and later it was suggested to be extended to full 3D
velocity mapping.33 In this work, we show an implementation of this
method to measure the ion velocity-distribution function in an ion
beam extracted from a plasma source.

IV. EXPERIMENTAL SETUP

Experiments were conducted using a plasma source (Fig. 7) from
which ions can be extracted and accelerated. The plasma source is
installed at the center of a standard 10-inch diameter six-way vacuum
chamber. The chamber is pumped by a turbomolecular pump backed
by a rough pump, maintaining a base pressure around 0.1 lTorr. The
plasma source is a rectangular metal box with a large area emitting
cathode (2 cm in diameter), mounted on one of its side walls and

electrically isolated from the grounded chamber walls. Gas enters the
source through openings in the back wall, while ions exit through a cir-
cular opening on the front wall. A single extraction electrode posi-
tioned 5–10mm from this opening, biased up to �3 kV, extracts ions,
forming an ion beam (Fig. 7).

During operation, the cathode is grounded, and the anode is posi-
tively biased. Most of the applied voltage drop occurs within the cath-
ode sheath, a thin region near the cathode characterized by a strong
electric field. Electrons emitted from the heated cathode are accelerated
through this sheath, forming a beam-like electron population with
energies determined by the difference between cathode and plasma
potentials. These energetic electrons ionize neutral gas atoms through
collisions, generating ions and lower-energy bulk electrons. Under
such conditions, plasma inside the source is weakly collisional, with
the ion mean-free path significantly exceeding the source dimensions
ðki=L � 1). Plasma exiting through the front opening becomes
nearly collisionless.

Typical experimental conditions involved argon or xenon gases at
flow rates of 1–5 sccm. During operation, pressures in the vacuum
chamber ranged from 0.1 to 1 mTorr, as measured by an ion gauge,
while pressures inside the source are estimated to be approximately ten
times higher. Discharge voltages were typically 65–80V, resulting in
discharge currents of 1.5–2.0A. Extraction voltage varied between 0
and�100V.

The selected plasma source imposes constraints on conventional
laser-based diagnostics. It provides only a single front optical port, and
a large cathode is a source of strong broadband emission with a drift-
ing baseline. These conditions make the conventional orthogonal LIF
geometry hard to implement and require more sensitive methods to
recover the true VDF shape due to strong background emission. These
constraints motivated the use of structured-light diagnostics. The oper-
ating regimes are standard for industrial plasma tools, and the source’s
pressure, power, and magnetic-field ranges are representative of related
low-temperature plasma systems. The diagnostic approaches described
here are transferable to other plasma devices (e.g., etching reactors,
magnetrons).

FIG. 6. Particle crossing a vortex laser beam with topological charge l ¼ 2. The
particle moves with velocity �v relative to the beam wave-vector �k and crosses the
helical wavefronts (black cross marks), experiencing a frequency xþ DxLG
shifted from the carrier x. The total shift combines the usual longitudinal term kVz
and an extra azimuthal term lV/=r , which depends on the wavefront winding (topo-
logical charge l) and the particle’s radial position r from the beam axis.

FIG. 7. General diagram of a plasma source and schematic for a conventional LIF
collection scheme and marked collection points reachable for conventional optical
arrangement. Schematic diagram of the plasma source and conventional LIF collec-
tion arrangement. Laser beam (�k ;x) is introduced through the front wall orifice.
Fluorescence signals are collected at marked locations through sidewall openings.
Dashed line shows the centerline.
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The conventional laser-induced fluorescence (LIF) arrangement
used in the experiments is illustrated in Fig. 7. A narrow-band laser
beam, characterized by wavevector �k and frequency x is introduced
into the plasma source through a 2mm slit in the extractor plate and
10mm diameter opening located on the front wall. Fluorescence pho-
tons are collected through three additional 3mm diameter diagnostic
ports positioned on the sidewall, providing measurements at different
spatial positions along the laser beam axis. These collection points—
designated as central (on the central line), middle, and edge (closes to
the exit orifice)—correspond to different distances from the front wall
opening, allowing spatially resolved plasma characterization, but only
at three locations. More details on experimental arrangement, optical
setups for ABC-LIF and WM-LIF diagnostics, as well as spatial locali-
zation of measurements are provided in the Appendix and can be
found elsewhere.34,35

A. Vortex LIF setup

The vortex LIF setup uses a commercial, New Focus TLB-6917,
tunable diode laser driven by a Vortex controller.46 The laser operates
at 834.95nm central wavelength (in vacuum), delivers up to 60 mW,
and light frequency can be tuned mode-hop-free for over 60GHz with
a linewidth below 300kHz. A Toptica BoosTA-830 tapered amplifier
boosts the laser power to 600 mW across the laser’s tuning range. This
laser was used to excite xenon ion (Xe II) 5d 4½ �7=2 � 6p 3½ �5=2 transition
at 834.953nm in vacuum with fluorescence at 541.9 nm. After the
amplifier, the beam intensity is modulated with mechanical chopper
and passed through a spatial filter to ensure Gaussian profile. This is
important as optical elements used for vortex beam generation are sen-
sitive to laser beam shape imperfections. Laser beam is then passed
through a removeable optical block consisting of two spiral phase
plates, each with topological charge l ¼ 32, producing a vortex beam
with total charge l ¼ 64. Beam profiles measured with Coherent
LaserCam-HR-II beam profiler camera before and after the plates are
shown in Figs. 8(a) and 8(b) respectively.

The 6mm-diameter vortex beam is then directed in the gap
between the plasma source and the extractor plate [see Fig. 9(a)].
Fluorescence is collected through a narrow slit in the extractor by two
plano–convex lenses and a pinhole for spatial filtering [Fig. 9(b)]. A
PMT is used for signal detection, and its output is processed by a lock-
in amplifier referenced to the mechanical chopper that modulated the

laser. Light is collected from the upper edge of the laser column where
the extracted ions move tangentially to the helical wavefronts; this
geometry maximizes the azimuthal Doppler shift and thus the sensitiv-
ity to the orbital-angular-momentum component of the velocity distri-
bution. Moreover, the azimuthal Doppler shift will cause modification
of VDF only on one side, making it skewed. This allows to directly
measure the parameters of azimuthal component in contrast with
results presented in Ref. 32.

To test the effect of vortex beam on the shape of LIF signal mea-
surements were repeated with the block of spiral phase plates removed,
what resulted in a Gaussian beam of similar dimensions. All optical
alignments and detector settings were left unchanged except for a
minor adjustment of the collection optics to match the new beam cen-
ter. Signals were acquired at applied acceleration voltages of Vaccel

¼ 0V and Vaccel ¼ �50V for both beam types. Assumption was
made that the ion flow is uniform within the gap, and the small dis-
placement required to re-center the Gaussian beam does not cause sig-
nificant differences in velocity-distribution function. The paired data
sets therefore provide a direct comparison between conventional and
vortex LIF, allowing quantitative assessment of the azimuthal Doppler
contribution. More details on selected experimental arrangement and
reasoning for this will be provided in the section below.

V. RESULTS

Results from the three structured-light diagnostics, annular-beam
confocal LIF (ABC-LIF), wavelength-modulation LIF (WM-LIF), and
vortex-beam LIF, are summarized below. Detailed experimental proce-
dures are reported elsewhere. The figures here present representative
data that demonstrate the capabilities of each technique.

Comparison of ABC-LIF with conventional LIF is presented else-
where.34 Here, we report new ABC-LIF data for plasma source oper-
ated with argon in several regimes. These measurements show one of
the benefits of a confocal approach, as new optics geometry keeps the
bright cathode out of the field of view, which improves SNR and ena-
bles more reliable retrieval of weak features. Figure 10 shows a repre-
sentative VDF at Z ¼ 0:5 (Z ¼ 0 at the front wall, Z ¼ 1 at the back
wall) for 2 sccm Ar and discharge voltage 55V. The extractor plate
was not installed. Negative velocity denotes flow toward the back wall
along the laser wave vector (see Fig. 7). The signal was preprocessed by
detrending with asymmetric least squares76 and smoothed with a
Savitzky–Golay filter,80 then fitted with a sum ofMaxwellian distributions

FIG. 8. Laser beam profiles (a) before the
spiral phase plates; (b) after the second
spiral phase plate with total topological
charge l ¼ 64 Beam was focused with
200mm lens and measurement was per-
formed at 50 mm away from the lens in
order to fit the beam onto the sensor of
the beam profiler.
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to minimize v2 metric. Obtained VDF shows an interesting feature of
bi-Maxwellian distribution with a slowly drifting bulk population
V � �0:56 0:1 km=s and T ¼ 0:236 0:03 eV , and a cold, directed
tail at V � �3:36 0:1 km=s with T ¼ 0:126 0:05 eV. Langmuir
probe measurements showed electron temperature of about 5 eV,

which correspond to the Bohm velocity of vBohm � 3:5 km=s, so the
directed tail can be related to acceleration in presheath/sheath
regions.

Figure 11 shows trends of ion velocities and temperatures of bulk
and tail populations from the front opening (Z ¼ 0) to the back wall
along the laser beam (see Fig. 7). The bulk population drifts weakly
toward the back wall across the cathode region, and its temperature
stays nearly constant at �0:2–0:3 eV with modest rises near the walls.
This indicates a small electric field (1–2 eV) that drives flow without
significant ion heating. The fast ‘tail’ population shows more complex
behavior. It is positive near the front wall with velocity � 2:5 km=s,
consistent with presheath/sheath acceleration (the Bohm speed is
�3:5 km=s). The flow reverses sign near the beginning of the cathode
region (Z � 0:2) and then becomes increasingly negative toward the
back wall. Both populations change their velocities by a similar
amount, indicating they respond to the same axial field. The tail tem-
perature remains low (0:1–0:2 eV) except for a local peak at the veloc-
ity sign change location. The observed sign change suggests a reversal
of the axial electric field at the cathode-region boundary. A plausible
cause of the weak ambipolar field is asymmetric electron loss to the
front and back walls because the cathode is closer to the front wall.
The exact origin of the tail requires further study. The measured VDF
shows multiple ion populations and indicates complex processes inside
the plasma source which would not be captured by conventional
orthogonal LIF under the present access constraints.

Figures 12 and 13 present WM-LIF results for Ar ions. Spectra
were recorded at two axial positions inside the source—center and
mid-gap—each measured three times to establish statistics. All data
were taken along the laser axis as shown in Fig. 7; the extractor plate
was removed for these tests. The full optical layout and acquisition
procedure are described in Ref. 35. Representative AM signals (red
circles) and the corresponding WM signals (blue squares) are plotted
with one-sigma envelopes.

The IVDF in Fig. 12(a) shows two distinct peaks at 0 km/s and
�2.5 km/s. The WM signal in Fig. 11(b) exhibits matching features,
indicating sensitivity to the same populations. AM and WM datasets
were fitted with a sum of Maxwellians and a sum of second derivatives
of Maxwellians respectively. The number of components varied from 1
to N . Using the v2red metric, the optimal fit was determined at N ¼ 2,
confirming a bimodal IVDF; fitting details appear in Ref. 35. The
agreement demonstrates that WM-LIF provides an independent vali-
dation of AM-based measurements while operating on a different
detection principle.

Figure 13(a) displays the IVDF measured at the middle position,
while Fig. 13(b) shows its second derivative. The IVDF is dominated
by a central peak at 0 km/s with asymmetric wings. As before, both the
AM and WM spectra were fitted with a sum of Maxwellians 1 to N
and corresponding derivatives. Reference 35 reports that WM data are
more sensitive to the fit than AM data, allowing to determine number
of components N more reliably, this agrees with the model predictions
(Sect. 3.1, Ref. 35). This enhanced sensitivity reveals three distinct pop-
ulations at this location, providing deeper insight into the source’s
internal dynamics.

We present initial vortex-beam LIF results with the plasma source
of Sec. IV. The goals were: (i) verify that a LIF signal for the selected
Xe II transition can be obtained with a vortex beam, as some works
report selection-rule changes;77–79 and (ii) quantify changes in ion

FIG. 9. General diagram of the vortex LIF experiment. (a) Top view of the setup.
The vortex laser beam is generated with a pair of spiral phase plates with a total
topological charge of l ¼ 64. Dashed box marks region shows in panel (b): side
view of the setup. The light was collected from the top of the annular laser beam
region to obtain VDF containing components along the laser beam direction and
tangentially. PMT was used as a light detector.

FIG. 10. Velocity distribution function of Ar ions at Z¼ 0.5, 2 sccm Ar, discharge
voltage 55 V, B¼ 45 G (no extractor). Red line and shaded area are double-
Maxwellian fit with 95% confidence interval. Fit parameters are shown in the
legend.
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VDF when switching between Gaussian and vortex beams, and when
perpendicular flow is introduced by biasing the extractor. While no
change in selection rules was expected for this transition due to its
electric-dipole nature, possible contributions from higher order effects
(quadrupole, etc.) remained unclear.

The 6mm-diameter laser, either Gaussian or a vortex beam with
topological charge l ¼ 64, was sent through the gap between the
source and the extractor. Fluorescence was collected from the upper
edge of the beam column so that only the velocities in the z � / plane
contribute to the Doppler broadening, with the main contribution
from the axial component along the beam [see Fig. 9(a)]. Four condi-
tions were investigated: Gaussian beam with the acceleration voltage
Vaccel ¼ 0V , Gaussian beam with Vaccel ¼ �50V , vortex beam with
Vaccel ¼ �50V , and vortex beam at Vaccel ¼ �50V . Eq. (3) gives the
expected azimuthal Doppler shift (reported in GHz) due to the vortex
component, D� ¼ l=r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eVaccel=Mi

p
. Assuming uniform induced flow

in the gap, for l ¼ 64, r ¼ 3mm, and Vaccel ¼ �50V , the shift is
D� � 0:18GHz. The longitudinal Doppler broadening of the
834.953 nm Xe II line at 0.3 eV is � 0:50GHz, so the azimuthal

contribution should be observable, although its amplitude is reduced
because the accelerated ion density is lower (nv � const).

Figures 14(a)–14(d) show the measured VDFs with double-
Gaussian fits (accounting for axial and azimuthal velocity compo-
nents). Signals were preprocessed the same way as signal in Fig. 10.
Since two velocity components scale differently, the initial analysis
focused on quantifying changes in the VDF shape rather than separat-
ing each component explicitly. Following Yoshimura et al.,32 the mean
value l, standard deviation r, and skewness c were calculated with
95% confidence intervals.

The spectra obtained at Vaccel ¼ 0V with and without OAM are
symmetric and have the same width r. This shows: (i) the Xe II
electric-dipole transition behaves as expected under an optical vortex
(no selection-rule change), and (ii) there is no measurable flow toward
the extractor in the probed region. Applying the extractor bias without
OAM keeps the spectrum symmetric, indicating that any perpendicu-
lar velocity produced by the bias does not project on the direction of a
Gaussian-beam wavevector and that no additional heating is
introduced.

FIG. 11. Mean velocity (a) and ion tem-
perature (b) of bulk (black) and tail (red)
vs axial position Z. Negative velocity is
toward the back wall (Z¼ 1). Gray bands
denote the front and back walls; the light-
red band marks the cathode region.
Vertical error bars are 95% confidence
intervals of the fit; horizontal error bars
show spatial resolution.

FIG. 12. The best fits of the (a) AM signal
and (b) WM signal at the central location.
N shows the number of Maxwellian
distribution providing the optimal fit.
Reproduced from Romadanov et al.,35

with the permission of AIP Publishing.
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When OAM is combined with the extractor bias the VDF devel-
ops a positive skew c and a larger apparent width r. This is the signa-
ture of an added azimuthal Doppler term proportional to l=r � V/.
The mean shift is larger than the simple estimate provided above. It is
important to note that since the axial k and azimuthal l=r contribu-
tions scale differently, r can no longer be interpreted directly as a tem-
perature. While this discrepancy requires more detailed investigation,
one of the possible explanations can be due to shift of the sampling

volume to the smaller radius, as D� � 1=r. The data are consistent
with r � 2mm, as compared to beam radius of r � 3mm which is
possible as alignment error is about 1mm.

In summary, data in Fig. 14 demonstrate that an optical vortex
can be used to detect perpendicular ion velocity. The absence of any
OAM effect at zero bias confirms that there are no modifications to
selection-rules, while the OAM measurements with applied bias
produces the expected VDF skew. A detailed comparison with

FIG. 14. Ion-velocity distribution functions
obtained by LIF under four probe/bias
conditions. Symbols are experimental
data; red curves are double-Gaussian fits
with the extracted mean (l), standard devia-
tion (r), and skewness (c) indicated, vertical
dashed line shows 0GHz shift, blue vertical
line corresponds to l. (a) Gaussian beam,
Vaccel ¼ 0 V . (b) Gaussian beam, Vaccel
¼ �50V . (c) Vortex beam (l ¼ 64),
Vaccel ¼ 0 V . (d) Vortex beam (l ¼ 64),
Vaccel ¼ �50 V . Positive detuning corre-
sponds to velocities directed away from the
plasma source.

FIG. 13. The best fits of the a) AM signal
and b) WM signal at the middle location. N
shows the number of Maxwellian distribu-
tion providing the optimal fit. Reproduced
from Romadanov et al.,35 with the permis-
sion of AIP Publishing.
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conventional LIF and an investigation of the origin of this difference
are planned.

VI. CONCLUSIONS

This work demonstrates how structured light can improve LIF
diagnostics in industrial plasma devices relevant to nanofabrication of
microelectronics, quantum information systems and magnetically con-
fined fusion devices. We address three common limits: restricted opti-
cal access, complex signals in noisy backgrounds, and the need for
multi-dimensional measurements that are often encountered in such
systems.19,20 By shaping the beam spatial, temporal (frequency), and
phase profiles, we demonstrate LIF techniques that overcome these
constraints.

ABC-LIF uses an axicon to form a ring beam and records ion-
velocity data with about 5mm spatial resolution at a 300mm working
distance. This resolution is comparable to that of orthogonal LIF yet
requires only one optical port. The resolution can be further improved.
The ring geometry allows adjustment of spatial resolution by changing
the beam radius and lens focal length, keeps the excitation and collec-
tion paths separate, and prevents back-scattered laser light from the
detector. The measured velocity distribution function is taken along
the beam wave vector �k , which lies at a fixed angle to the optical axis
set by the ring radius and focal distance. In this work, measurements
show a key benefit of the confocal approach. The optics geometry
keeps the bright cathode out of the field of view which improves SNR
and enables more reliable retrieval of complex VDF profiles. It allowed
detection of near-thermal bulk plus a cold, directed tail populations
and track their changes within the source, indicating a complex inter-
nal field structure. This geometry is broadly useful for measurements
normal to surfaces, for example across presheath/sheath regions, where
its weakly diverging annular beam and coaxial collection minimize
back reflections. It can be applied in ICP reactors and in Hall-thruster
channels near the anode where side access is limited.

WM-LIF employs harmonic detection of a frequency-modulated
laser to resolve complex velocity-distribution functions in noisy envi-
ronments. The method detects multi-component features in the
IVDFs that are not resolvable with standard amplitude-modulated
LIF. WM-LIF therefore serves both as an independent check on AM-
LIF measurements and as a robust option for extracting reliable data
in high-noise environments. WM-LIF also pairs well with vortex LIF:
its sensitivity to small line shape changes can improve detection of
small azimuthal components, which are harder to resolve because
(l=r) scaling for azimuthal Doppler shift is typically smaller than k [see
Eq. (3)] scaling for axial component. In this way, even weaker trans-
verse flows may be identifiable.

Building on previous experimental studies,32,33,36,74,75 vortex
beams that carry orbital angular momentum were applied to LIF mea-
surements. The helical wavefront produces an azimuthal Doppler shift
proportional to the ion velocity component perpendicular to the beam
and to the radial position. Tests with a vortex beam carrying l ¼ 64
showed a clear change in the IVDF when a transverse flow was pre-
sent, in agreement with theory. These results indicate that a single vor-
tex beam can provide multi-dimensional velocity data. Vortex LIF is
broadly applicable where directed transverse flow exists, such as
extraction regions and sheaths near biased surfaces, and it reduces the
need for two beams or for normal-incidence access. A detailed analysis
of the collected spectra will be presented in future work.

Tailoring the spatial, temporal, and phase structure of the probe
beam in LIF diagnostics overcomes key experimental limits and yields
more detailed measurements that open possibilities to directly study
plasma processes in new environments and provide data for validation
of computational codes and models. The three approaches demon-
strated here can extend to other laser techniques, including Thomson
and Raman scattering and line-of-sight absorption spectroscopy. This
shows that applications of structured light in plasma diagnostics merit
further study. Future work should examine how complex wavefronts
interact with ground-state and excited species, determine whether they
can access transitions that are not accessible now, and explore their
ability to reveal other information (e.g., electric fields).
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APPENDIX: OPTICAL SETUPS

General block diagrams of the conventional LIF, WM-LIF, and
ABC-LIF arrangements are shown in Fig. 15. All three diagnostics
share the wavemeter tap, the photodiode monitor (used for ampli-
tude modulation), the lock-in amplifier, and the PMT detector. Two
diode lasers were used depending on the probed species: a
TOPTICA DLC Pro 67034 for the argon transition and a TLB-6917
Vortex II46 for the xenon transition. Confocal and WM-LIF diag-
nostics were implemented only with argon. Optical elements (mir-
rors, lenses, filters) were adjusted to the operating wavelength.
Conventional and WM-LIF use the same side-view collection optics;
switching between them replaces the mechanical chopper with a
function generator to drive wavelength modulation. ABC-LIF uses
the same laser injection path with an annular-beam module and col-
lects fluorescence coaxially along the incident beam through the
front port. Switching from conventional LIF to ABC-LIF required
installing the annular-beam generation path and a new coaxial
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collection path with a dichroic mirror. Comparison data were taken
in sequential runs at identical discharge parameters; only the optical
modules were swapped between runs. Concurrent operation of con-
ventional LIF and ABC-LIF was not tested because only one PMT
was available. With an additional detector, simultaneous collection
normal to the beam and along the beam is possible. ABC-LIF was
run in amplitude-modulation mode; wavelength-modulated ABC-
LIF is planned.
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