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Abstract

In this work, we present a planar laser-induced fluorescence (PLIF) system for measuring
two-dimensional (2D), spatiotemporally resolved ion velocity distribution functions (IVDFs). A
continuous-wave tunable diode laser produces a laser sheet that irradiates the plasma, and the
resulting fluorescence is captured by an intensified CCD (ICCD) camera. Fluorescence images
recorded at varying laser wavelengths are converted into 2D IVDFs using the Doppler shift
principle. The developed diagnostic is implemented in an electron beam generated £ X B
plasma with a bulk plasma density of ~10'°%cm~3. The developed diagnostic is validated against
a conventional single-point LIF method using photomultiplier tube-based detection, while
significantly reducing the total measurement time by the number of spatial positions measured.
The time-resolving capability of this diagnostic is tested by oscillating the plasma between two
nominal operating modes with different density profiles and triggering the ICCD camera by the
externally driven plasma oscillation. The measured 2D IVDF maps reveal several signatures of
ion dynamics in this plasma source, including radially outflowing ions across the electric field
and anomalous ion heating at the periphery, consistent with recent kinetic simulations and
theoretical studies. A possible correlation between these ion kinetic features and rotating spoke
structures is discussed.

Keywords: planar laser-induced fluorescence (PLIF), ion velocity distribution function (IVDF),
E xB plasma, electron beam generated plasma, rotating spoke, ion heating, partially magnetized

1. Introduction

Spatially resolved measurements of the ion velocity distri-
bution function (IVDF) can be critical for low-temperature
plasmas and their applications as they provide detailed
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insights into transport, sheath dynamics, and other funda-
mental plasma processes [1-6]. Recently, the demand for tem-
porally resolved measurements has also increased, in response
to advances in modern plasma sources that exhibit various
time-dependent characteristics of ion dynamics [7-11]. For
example, £ x B plasmas, including Hall thrusters, Penning
discharges, and magnetic nozzles, feature various instabilit-
ies that may lead to anomalous transport and heating of ions
[12-18]. Additionally, processing plasmas such as capacit-
ively coupled plasmas and inductively coupled plasmas are
frequently operated in pulsed modes [19-23] or driven by
arbitrary bias waveforms [24-26], resulting in IVDFs that
evolve over time. Therefore, diagnostics capable of resolving

© 2025 The Author(s). Published by IOP Publishing Ltd
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IVDFs in both space and phase are of broad interest for under-
standing and improving modern plasma sources.

Laser-induced fluorescence (LIF) is a widely used, non-
invasive diagnostic technique for studying ion and neutral
dynamics in various low-temperature plasma sources [27-31].
In this method, a laser optically pumps the ions and/or neutrals
in the plasma, and the resulting fluorescence emission is ana-
lyzed. By sweeping the laser wavelength across an absorption
line of a target ion species, either in a ground or metastable
state, IVDFs can be measured using the Doppler shift prin-
ciple. Ions with velocity v along the laser wavevector perceive
a Doppler-shifted laser frequency Af = v/ ), where )\ is the
laser wavelength in the laboratory frame. Consequently, only
ions with a velocity component matching the laser frequency
are resonantly excited. By mapping fluorescence intensity as a
function of laser wavelength, the IVDF can be reconstructed.
Since ground-state excitation typically requires higher-energy
lasers, transitions from long-lived metastable states are often
used in practice. In such cases, it is generally assumed that the
metastable ion population is in thermal equilibrium with the
bulk ion population, allowing the reconstructed IVDF to rep-
resent the overall ion dynamics [29].

In practice, conventional LIF diagnostics involve directing
a focused laser beam into the plasma and collecting the result-
ing fluorescence at a single point (OD) using a photodetector,
such as a photomultiplier tube (PMT). For spatially resolved
measurements, spatial scans can be performed by mounting
the laser beam, the fluorescence collection optics [28], or the
plasma source itself [32] on translational stages. However, this
scanning approach is inherently slow, as it requires a full laser
wavelength sweep at each spatial position. Consequently, the
total measurement time becomes N times longer than a single-
point measurement, where N is the number of spatial posi-
tions of interest. Additionally, this approach limits each spatial
point to be recorded at a different time, making it unsuitable
for plasma sources that drift or evolve, even over relatively
long timescales on the order of minutes or hours. For example,
plasmas generated by thermionically emitting cathodes, which
exhibit thermal drift [33], various processing plasmas that
experience drift due to material sputtering and evolving wall
conditions [34], or Hall thrusters during transitional operation
period [35], require alternatives to conventional LIF systems.

To overcome the limitations of point-by-point LIF scan-
ning, planar LIF (PLIF) techniques could be considered. In
PLIF, a laser sheet illuminates a broad region of the plasma,
and a camera with a wide field of view (FOV) captures a
two-dimensional (2D) fluorescence map in a single acquis-
ition, eliminating the need for mechanical spatial scanning.
However, expanding the laser beam into a sheet inherently
reduces its intensity, leading to weaker fluorescence signals.
This, when combined with quenching of the excited meta-
stable, often results in signals falling below detection limits
[36]. High-power pulsed lasers have been used to compensate
this, but their broad linewidths limit the velocity resolution of
the measured IVDFs [7, 37-40].

Despite their limitations in power, continuous-wave (CW)
lasers offer a compelling advantage in velocity resolution due
to their much narrower linewidths. However, their relatively
low intensity has hindered widespread application in PLIF
systems, which require sufficient signal strength for 2D ima-
ging. In conventional LIF setups, weak fluorescence induced
by CW lasers is often recovered using lock-in amplification,
a technique that enhances signal-to-noise ratio by modulat-
ing the laser and synchronizing detection [27-31]. However,
in imaging-based diagnostics, low signal levels often require
extended camera times to accumulate sufficient photons, mak-
ing temporally resolved detection impractical. Consequently,
lock-in amplification cannot be directly applied to most PLIF
systems targeting low-density plasmas. Under these condi-
tions, alternative approaches such as image denoising become
essential.

As a result, the use of CW lasers in PLIF or camera-
based LIF systems remains limited, and only a few stud-
ies have reported such applications for IVDF measurements.
Lee et al [41] measured time-averaged 1D IVDFs in the
sheath of a filament-discharge plasma using a low-power
(~15 mW) CW tunable diode laser (TDL) and an intensi-
fied CCD (ICCD) camera for detection. However, the reduced
intensity of the expanded laser sheet was insufficient for dia-
gnosing 2D maps of IVDFs. Paul and Scime [42] reported
the first 2D-resolved IVDFs using a tunable CW dye laser
(~70 mW) shaped into a laser sheet and a fast-frame camera
detection. This work was conducted on the PHASMA (Phase
Space Mapping) experiment [43] with plasma densities on the
order of 10'2 — 1053c¢m—3, which is several hundred to thou-
sand times denser than typical sheath or bulk plasma densities
encountered in industrial plasma sources [9, 44, 45]. In sum-
mary, despite recent advances, the applicability of PLIF for
resolving 2D IVDFs in various low- to moderate-density low-
temperature plasmas has not yet been demonstrated, either for
time-averaged and time-resolved measurements.

In this paper, we present the development of a PLIF sys-
tem utilizing a compact, low-power (~20 mW) CW TDL
for the laser-induced excitation of metastables and an ICCD
camera for the fluorescence detection. The use of a TDL in
place of a dye laser provides a cost-effective and convenient
alternative, while eliminating chemical hazards and reducing
the space requirements associated with large dye-laser sys-
tems. The system is implemented in an electron beam gen-
erated £ X B plasma with a moderate bulk plasma density
~10'"%cm—3, which is a regime more representative of indus-
trial plasma applications. Using this setup, we demonstrate 2D,
time-resolved measurements of IVDFs, and discuss key fea-
tures of ion dynamics revealed through this PLIF system.

This paper is organized as follows:

Section 2 introduces the experimental setup, including the tar-
get plasma source used as a test bench. Section 3 provides
details on the development of the PLIF system, showing
optical components, the operating scheme, and a quantitat-
ive analysis of image denoising methods. Section 4 presents
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the validation of time-averaged and time-resolved 2D IVDF
measurements. Section 5 casts discussions on the observed ion
dynamics, in comparison to recent theoretical and modeling
studies. Conclusion is provided in section 6.

2. Experimental setup

An electron beam generated E X B plasma source is used as
a test bench for the developed diagnostics. A schematic of the
plasma source is shown in figure 1(a).

This plasma source consists of a cylindrical vacuum cham-
ber with a radius of 7., = 10cm and length of L., = 50 cm,
which is pumped down to a base pressure of 1uTorr using a
turbo-molecular pump backed by a roughing pump. A leak
valve placed between the gas cylinder and the vacuum change
is used to fill the chamber with argon gas and regulate the
background pressure in the range of 0.1 — 0.5 mTorr. An axial
(z-direction) magnetic field of 50 — 100 G is generated by a
Helmboltz-like coil along the chamber. Electrons are ther-
mionically emitted from a tungsten filament and accelerated
across the cathode sheath in front of a stainless-steel plate with
aradius of r. = 4.5 cm, located at one end of the chamber. The
cathode and cathode plate are biased to a negative DC potential
of V. = —55 V relative to the grounded chamber. The electron
beam is guided by the axial magnetic field, and a portion of
the beam collides with neutral argon atoms, initiating a cyl-
indrical plasma discharge. A laser sheet is aligned in the (r—z)
plane of this plasma, as indicated by a red transparent box. In
addition to the cathode plate, an electrically isolated, nonmag-
netic stainless-steel plate, referred to as the anticathode, with
aradius of ry. = 4.5 cm is installed at the end of the chamber
opposite the cathode. The chamber is equipped with various
electrostatic probes that measure the radial profiles of plasma
parameters, including a Langmuir probe (LP) to measure elec-
tron energy distribution function (EEDF), floating emissive
probe (EP) to measure plasma potential, and ion probe (IP)
to measure time-evolution of ion density under thick sheath
assumption. More details on the electrostatic diagnostics can
be found in [47].

We have investigated various characteristics of this plasma
source under different operating conditions. For example, ion
kinetics such as warm-ion production [48], electron kinetics
[49], and instabilities such as rotating spokes [10] have been
observed. Notably, by varying the voltage applied to the anti-
cathode plate, the plasma can operate in one of two distinct
modes—collector mode and repeller mode—as identified in
our previous work [49]. In the collector mode, the anticathode
is grounded (V. = 0 V), allowing it to collect nearly all incid-
ent electrons. In contrast, in the repeller mode, the anticathode
is biased to the cathode potential or lower (V. < Vo), repelling
plasma and beam electrons back into the plasma volume.
Consequently, repeller mode produces a higher plasma density
compared to the collector mode. This clear mode transition is
particularly useful for evaluating the time-resolving capability
of the diagnostic system.

To evaluate the performance of the developed LIF system,
this source is used as a test bench under two distinct operating
scenarios, A and B, corresponding to (A) time-averaged and
(B) time-resolved measurements of spatially resolved IVDFs.
The operating parameters for each case are summarized in
table 1. The radial profile of plasma parameters for scen-
ario (A) is provided in [47, 49], and that for scenario (B) is
presented in section 4.2. In the electron-beam region, high-
lighted in yellow, spanning from the center to » = 10 mm,
the EEDF exhibits a larger high-energy population due to the
beam propagating along the axial direction [49]. As a res-
ult, the electron temperature profile is radially non-uniform,
with higher effective temperatures at the center and lower val-
ues toward the periphery (r = 20 mm), reflecting the charac-
teristics of the electron-beam-generated plasma source. This
enhanced high-energy tail increases the excitation efficiency
of ion metastable states near the core.

In scenario (A), the anticathode is biased to a constant DC
voltage of V. = —55 V. So, the plasma stays in the repeller
mode. Note that a prominent azimuthal structure, the so-called
rotating spoke, exists in the plasma bulk. In scenario (B),
the anticathode is AC-modulated as V. = Vo (1 + sin (277)) ,
where Vo = —37 V and f = 0.5 kHz. This modulation causes
the plasma to oscillate slowly between collector and the
repeller modes with an oscillation period 7 = 2 ms, resulting
in periodic fluctuations in plasma density. Time-resolved PLIF
is employed to capture the corresponding variation in the fluor-
escence profiles associated with this density modulation. Note
that the use of higher pressure and a weaker magnetic field in
scenario (B) significantly suppresses the rotating spoke, mak-
ing the collector-to-repeller mode transition the most promin-
ent temporal feature. This behavior is beneficial for diagnostic
triggering, and it will be discussed further in the following
section.

3. Diagnostics development

3.1. Optical setup

This section outlines the mechanical setup of the optical sys-
tem used for diagnostics development. A schematic of the
PLIF system developed in this study is presented in figure 2(a).

The system is built around a TDL, specifically a single-
mode TOptica DLC DL PRO 670, which features a Littrow-
type grating-stabilized external cavity design. This laser
provides a coarse tuning range from 660 to 673 nm and
a mode-hop-free tuning range of approximately 20 GHz.
The output power is wavelength-dependent, with a max-
imum of approximately 23 mW. The laser wavelength is
controlled by scanning the voltage applied to the laser’s
piezo actuator. A portion of the laser beam is sampled by
a beam splitter (BS) and directed to a wavemeter (Bristol,
621-A), which features built-in continuous calibration using
a single-frequency He-Ne laser and a specified accuracy
of £+ 0.0002 nm at 1000 nm. The wavemeter’s reading accur-
acy exceeds the TDL’s linewidth, which limits the achievable
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Table 1. Experimental condition of each operating scenarios, (A) for time-averaged measurements, and (B) for time-resolved measurements.

p: pressure, V.: cathode voltage, Vy.: anticathode voltage or waveform,

B;: axial magnetic field intensity, n,: plasma density measured at

radial center, T¢: effective electron temperature at radial center, 7T, »: effective electron temperature at the radial periphery (r = 2cm).

Scenario (A) for

time-averaged

Scenario (B) for
time-resolved

p [mT] 0.1

Ve [V]

Vate [V] —55
B: [G] 100
np [1010 cm73] 2.5

Tg,() [EV} ~12
T()’z [EV} ~3

0.5

—55
Vo (1 +sin (27 ft)),
Vo=-37V,
f=0.5kHz
50
2.5 — 4 (upon modulation)
~5
~1.8

velocity resolution to approximately Av =89 ms~!, as estim-
ated from the Doppler shift principle. The corresponding res-
olution of the broadening, i.e. ion temperature is 3 ; (2Av)*
0.007 eV, where M; is the mass of argon.

Various transition schemes are known for argon ion meta-
stable states [27, 51], but careful selection is necessary,
as the metastable population can vary depending on the
characteristics of the electron energy distribution or meta-
stable quenching effects [36]. In this work, we used the
three-level transition involving the 3d4F"/? — 4p4D5/ 2 states,
with excitation at 668.6138 nm and fluorescence emission at
442.724 nm (both in vacuum). The 4p4D’>-3d4F”? trans-
ition, centered at 664.553 nm was also considered, but the
chosen transition yielded higher fluorescence intensity. The
laser wavelength is scanned around the central wavelength,
Ao = 668.6138 nm.

For time-averaged PLIF measurements (section 4.1), the
laser beam is modulated using a mechanical chopper to main-
tain consistency with a conventional LIF setup [48], ensur-
ing proper validation of the developed system. For time-
resolved measurements (section 4.2), the mechanical chopper
is removed from the setup for operational convenience. The
laser beam is delivered to the chamber via a fiber coupler and
a multimode fiber. Upon exiting the fiber, the beam enters the
shaping optics, which include a large area beam collimator that
produces a circular Gaussian beam of approximately 12 mm
diameter. Two parallel razor blades are used to trim the beam
edges and shape it into a semi-planar laser sheet with a max-
imum power of 20 mW. The resulting laser sheet is approxim-
ately 12 mm wide and 1 mm thick. Note that a set of cylindrical
lenses could also be used for beam shaping. The laser sheet
is aligned to propagate in the (r—z) plane in the downward z
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Figure 2. Schematic of the developed PLIF system. (a) Optical setup of the diagnostic system. The purple region indicates the plasma, and
the black box with a cross mark indicates the region where laser-induced fluorescence is produced. Optical components are labeled as
follows: BS—beam splitter; M—mirror; CO—collection optics. (b) Emission pattern captured using a PI-MAX 4:1024i camera. (c)
Fluorescence pattern extracted by subtracting the background from (b). The plasma is operated under scenario (A), with the laser tuned to
the central wavelength \g = 668.6138 nm, within the wavemeter’s uncertainty of A\ = £0.0002 nm. The direction and edge of the
incident laser sheet are indicated by yellow arrows. Both images are normalized to their respective maximum intensities for visualization.

direction, enabling Doppler shifts due to the radial motion of
the metastable argon ions.

The collection branch consists of a set of lens objectives,
defining a FOV of 15 cm X 15 cm. A 441.6 nm/3 nm bandpass
filter (Andover 442FS03-12.5) is installed in front of an ICCD
camera (PI-MAX 4:1024i) as part of the collection optics.
Details regarding the operating parameters of the ICCD cam-
era are described in section 3.2.

Figure 2(b) shows an image acquired from the collection
system with the laser tuned to the central wavelength \¢. Since
the commercial bandpass filter used has a relatively broad
bandwidth, it cannot fully eliminate stray light such as spon-
taneous plasma emission. As a result, the recorded fluores-
cence pattern is buried under background signals. To extract
the fluorescence pattern, a background image, captured with
the laser blocked from entering the plasma, is subtracted from
the raw image. An example of the resulting fluorescence pat-
tern is shown in figure 2(c). This procedure assumes that
the background plasma emission remains sufficiently stable
over time, such that its drift or fluctuation is smaller than
the LIF during the wavelength scan. While this assumption
can be important for plasmas that experience drift over the
measurement timescale, it is less restrictive than for the PMT-
based spatial scan, which requires plasma repeatability over
the entire measurement period; otherwise, measurements at
different positions may correspond to different plasma states.

Since the ICCD-based system significantly reduces the total
measurement time across multiple spatial positions, it is more
tolerant of plasma drifts. Further discussion on this assumption
can be found on the appendix A.

For time-averaged measurements, the fluorescence extrac-
tion procedure described above was repeated while tun-
ing the laser wavelength around the central value of Ay =
668.6138 nm. Each pixel in the recorded images corresponds
to a fluorescence intensity at a specific spatial location within
the FOV. By applying the Doppler shift principle, IVDFs
can be evaluated at each pixel, resulting in spatially resolved
IVDFs.

For time-resolved measurements, the same procedure is
applied, however, the timing of ICCD imaging is synchron-
ized with the anticathode bias voltage. The oscillating voltage
signal, branched from the anticathode, is fed into the device’s
built-in microchannel plate (MCP) triggering circuit, enabling
image acquisition at specific phase intervals of the plasma
oscillation. The ICCD camera is triggered during the collector
and the repeller mode, with an exposure time set to one-tenth
of the oscillation period (7/10), to demonstrate time-resolved
LIF measurements of spatially resolved IVDFs. The temporal
resolution of this PLIF system is governed by the ICCD cam-
era’s gate width (i.e. exposure time), which must be adjusted
based on the fluorescence intensity emitted from the plasma.
The ICCD camera used in this study offers multiple gating
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Table 2. Measurement uncertainties of PMT-based and
ICCD-based PLIF system.

PMT-based ICCD-based

LIF system PLIF system
Position uncertainty +2.5 mm +0.435 mm
Spatial resolution +0.9 mm +0.435 mm
Velocity uncertainty +89ms~!
Temperature uncertainty 0.007 eV

options, including MCP gating, with gate widths as short as
<8 ns. It should be noted, however, that this nanosecond-
scale gating capability does not inherently guarantee nano-
second temporal resolution for all PLIF experiments across
different plasma conditions. In low-density plasmas, where
fluorescence signals are weak, both the gate width and achiev-
able temporal resolution must be increased accordingly. The
time resolution of conventional PMT-based LIF diagnostics
requires more rigorous treatment depending on the optical
setups, as discussed in [52].

The spatial resolution and positional uncertainty of the
measured IVDFs are governed by the physical area on the FOV
corresponding to a single CCD pixel. Considering the magni-
fication of the lens objectives and the pixel size of the ICCD
camera used in our system, each pixel collects fluorescence
from a square region of AL x AL=0.145 mm x 0.145 mm
in the (r—z) focal plane. To suppress speckle noise caused by
dark current or cosmic rays, fluorescence at each pixel is aver-
aged with its surrounding square neighborhood, yielding an
effective spatial resolution of 3AL. Additional effects such as
Nyquist limit [53] and the diffraction limit [54] can also be
considered, but their impact is negligible for the system con-
figuration and wavelength range used in this study.

The developed 2D ICCD-based PLIF system is validated
against a conventional 0D PMT-based LIF system [48]. The
comparison results are presented in section 4.1. In the PMT-
based system, spatial scanning is performed by manually
adjusting the focal point using a linear translation stage in
5 mm increments. The positional uncertainty is approximately
2.5 mm, as the measured positions are manually shifted post-
acquisition to align with the optical focus of the ICCD-based
system. The radial center, r = 0 mm, is defined as the location
with the maximum fluorescence intensity in the ICCD image,
based on the near-axisymmetry of the plasma. The spatial res-
olution of the PMT-based LIF system is determined by the iris
aperture and is set to 0.9 mm for this experiment. Table 2 sum-
marizes the spatial uncertainties of both the PMT-based and
ICCD-based PLIF systems used for cross-validation.

The signatures of ion dynamics in this plasma are fur-
ther analyzed by fitting the measured IVDFs to a shifted
Maxwellian (Gaussian) IVDF,

M;(v— vo)2
T2l ) +d (D)

where Ay is the peak intensity, M; is the ion mass, e is the ele-
mentary charge, vy is the most probable velocity which also

£(v) = Agexp (—

corresponds to the mean velocity for this distribution, 7; is the
ion temperature or the velocity spread in electronvolts (eV),
and d is an offset constant. While multiple-Gaussian fitting
functions can be employed, particularly under certain operat-
ing conditions of this plasma device [48], a single-Gaussian
distribution is chosen as it provided the best fit for the exper-
imental scenarios discussed here. The fitting procedure min-
imizes the chi-square (%) value using the standard deviation
of the measured data as the weighting input, ensuring that the
resulting fit emphasizes statistically reliable data points. This
fitting analysis is performed across all spatial regions of the
fluorescence image to reconstruct 2D maps of ion dynamic
parameters.

3.2. ICCD operating condition

The acquired images and the extracted fluorescence signals
may exhibit varying levels of noise, depending not only on
the metastable ion density, which is proportional to the fluor-
escence intensity for a given input laser power, but also on the
operating conditions of the ICCD camera. Parameters such as
exposure time, number of accumulations, intensifier gain, and
the number of frames used for averaging can all significantly
affect image quality. Consequently, the accuracy and clarity of
the reconstructed IVDFs are directly influenced by the quality
of the recorded images and the corresponding extracted fluor-
escence signals.

The quality of images obtained under different ICCD oper-
ating conditions was evaluated by repeating the measurement
procedure three times and calculating the SNR of the fluores-
cence patterns. In this analysis, the signal is defined as the aver-
age fluorescence intensity at the brightest pixel, and the noise
is the standard deviation of that intensity across three repeated
measurements. Figure 3 presents the effects of two key ICCD
parameters, intensifier gain, and the number of frames aver-
aged, on the resulting SNR.

In figure 3(a), the SNR initially increases as the intensifier
gain is raised, but then it decreases at higher gains due to the
nonlinear amplification behavior of the intensifier. At low gain
levels, both signal and noise are amplified at a similar rate. At
higher gain settings, the signal amplification begins to satur-
ate, while the noise continues to grow. This leads to a decline
in SNR. This behavior suggests that using higher intensifier
gain helps to highlight the peak of the IVDFs, which is use-
ful for identifying the most probable ion velocity. However, it
is less effective for accurately capturing the broadening of the
distribution or ion temperature, due to increased noise.

Figure 3(b) shows the effect of the number of frames aver-
aged. As more frames are averaged, the noise decreases, and
the image quality improves. This behavior aligns with the
central limit theorem, which predicts that random noise will
decrease in proportion to the inverse square root of the num-
ber of samples, assuming a normal distribution. The SNR
trend observed in the data qualitatively follows a square-root
dependence, which supports this explanation.

For time-averaged measurements in scenario (A), the ICCD
intensifier gain was set to 40 to better resolve the peak of the
IVDFs. Images were obtained by averaging 15 frames, each
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Figure 3. Effect of two ICCD acquisition parameters on image
quality, quantified by the signal-to-noise ratio (SNR). The signal is
defined as the maximum fluorescence intensity in the image, while
noise is defined as the standard deviation of the signal across three
repeated acquisitions. (a) Effect of intensifier gain, with the number
of frames averaged fixed at 15. Maximum fluorescence intensity at
each gain setting is also shown in red. (b) Effect of the number of
frames averaged, with the intensifier gain fixed at 40. All parameter
scans are conducted under the reference plasma operating condition,
with the incident laser wavelength set to Ag.

frame captured with a 5 ms exposure accumulated 200 times,
so that the total exposure time for one frame sumsup to 1 s. The
total time required to acquire spatially resolved IVDFs across
40 velocity points was approximately 8 min using the ICCD-
based system. Notably, this duration is comparable to the time
needed by the PMT-based system to measure the IVDF at a
single spatial point. For time-resolved measurements in scen-
ario (B), the exposure time was shortened to 0.2 ms, corres-
ponding to one-tenth of the oscillation period, in order to dis-
tinguish the measured data at different timings of the plasma
oscillation.

3.3. Image denoising methods

Increasing (i) the exposure time or (ii) the number of frames
is an effective and straightforward way to improve image
quality and obtain more reliable IVDFs. Approach (i), how-
ever, reduces the diagnostic’s temporal resolution, whereas
approach (ii) lengthens the total acquisition time. To address
these drawbacks, it is worth considering noise filtering tech-
niques instead of relying solely on signal accumulation.
Traditional plasma diagnostics that utilize camera-based
imaging often apply standard spatial filtering methods, such as
median [55, 56] or Gaussian filters [42]. These methods reduce
noise by smoothing the image across the spatial domain, but

this comes at the cost of degraded spatial resolution. As a res-
ult, such techniques may not be suitable for our application,
which requires accurate measurement of spatially resolved
IVDFs. Since the effectiveness of denoising methods depends
heavily on the structural characteristics of the image, our goal
is to identify the most effective approach for processing fluor-
escence patterns. To this end, we quantitatively compare the
performance of several image filtering techniques [57].

While operating the plasma under scenario (A) with the
laser set to the central wavelength )\, fluorescence images
were acquired using two different ICCD configurations: one
averaging over 50 frames (figure 4(a), high-SNR setup) and the
other averaging over five frames (figure 4(b), low-SNR setup).
As expected, the high-SNR configuration produced a clearer
image, though it required ten times longer acquisition time.
The objective of this analysis is to identify an effective image
processing method that can denoise the low-SNR image in a
way that closely approximates the high-SNR result, which is
treated as the ground truth in this evaluation.

Six commonly used denoising methods were tested: sin-
gular value decomposition (SVD)-based filtering, median fil-
tering, Gaussian filtering, Wiener filtering, bilateral filtering,
and fast Fourier transform (FFT)-based low-pass filtering.
Each method was applied to the low-SNR image, and the
denoised results were assessed using two quantitative met-
rics: peak signal-to-noise ratio (PSNR) and structural simil-
arity index measure (SSIM). Further details on each filtering
technique and the calculation of quality metrics are provided in
appendix B as well as [57]. The denoised images are presen-
ted in figures 4(c)—(h), and the corresponding image quality
metrics are summarized in table 3.

Among the tested methods, SVD-based filtering and
median filtering produced higher PSNR and SSIM values
compared to the others, indicating superior denoising perform-
ance. To further evaluate their effectiveness, both methods
were applied to a set of fluorescence images obtained through
laser wavelength scans, as detailed in appendix B. Overall,
SVD-based filtering consistently achieved better PSNR and
SSIM values, unless the median filter was applied with a
larger spatial window. However, increasing the window size
in median filtering results in greater image blurring, which
degrades the spatial resolution of the diagnostics. This trade-
off makes SVD-based filtering a more favorable choice for pre-
serving both image quality and diagnostic resolution.

The effectiveness of each filtering method becomes more
apparent when the denoised images are converted into [VDFs.
Figure 5 presents IVDFs at two different spatial loca-
tions, reconstructed from images acquired using different
ICCD setups and processed with various denoising meth-
ods. Additional IVDFs at other positions are provided in
appendix B. At the center of the plasma, where the fluores-
cence signal is strong due to a higher density of metastable
species, both filtering methods yield similar results. In this
region, the signal-to-noise ratio is inherently high, and thus the
impact of denoising is minimal. However, at the plasma peri-
phery, where the fluorescence is weaker and the noise level
is higher, the performance of SVD-based filtering becomes
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Figure 4. Fluorescence images under different ICCD operating conditions and results of various denoising methods applied to a low-SNR
image. Images are cropped to zoom into the fluorescence patterns. (a) High-SNR image obtained with 50 frames averaged. (b) Low-SNR
image obtained with five frames averaged. Low-SNR image denoised using the following image processing techniques: (c) SVD-based
filtering, (d) Median filtering, (e) Gaussian filtering, (f) Wiener filtering, (g) Bilateral filtering, and (h) FFT-based filtering.

Table 3. PSNR and SSIM for each image denoising method applied to the low-SNR fluorescence image. The high-SNR image is used as

the reference for evaluation.

Low SNR SVD Median Gaussian Wiener Bilateral FFT-based
PNSR 33.7dB 41.3 dB 40.9 dB 38.0dB 35.5dB 26.2 dB 349 dB
SSIM 0.68 0.84 0.82 0.74 0.79 0.18 0.82
(a) (b)
1.0 —&— High SNR 1.0 —— High SNR
—$— Low SNR —$— Low SNR
0.5 05
. oo L Dot
- 1.0 . 1.0
f; 0s f; 0s
g 0.0 E) 0.0
B 1.0 —4— Median - 1.0 —4$— Median
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0.0 0.0 :
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Figure 5. IVDFs at two locations: (a) r = 0 mm and (b) r = — 15 mm. IVDFs are reconstructed from images acquired using the high-SNR

ICCD setup (red) and the low-SNR ICCD setup (black). Denoised results from two filtering methods are also shown: SVD-based filtering
retaining the most significant component (blue), and median filtering with a window size of [S1 x 51] (green).

more significant. This method is effective at isolating the dom-
inant structural features of the image from noise, allowing it
to recover the underlying fluorescence pattern even under low
signal conditions. As a result, the IVDFs reconstructed from
SVD-denoised images more closely follow the ground truth,
high-SNR curve, while also exhibiting reduced noise levels.
In contrast, median filtering, while useful for general noise
suppression, also blurs the finer features of the fluorescence

pattern. Hence, it fails to preserve the correct shape of the dis-
tribution. This leads to a loss of detail in the reconstructed
IVDF, especially at the ‘wing’ region where SNR is low but
contains the higher moment characteristics of IVDFs such as
ion temperature.

Therefore, beyond the PSNR and SSIM metrics provided
earlier, the reconstructed IVDFs further demonstrate that
SVD-based filtering is more effective than median filtering
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for extracting fluorescence signals from noisy images. This
advantage can be attributed to the selective denoising cap-
ability of SVD-based filtering, which isolates and retains the
most relevant components for image reconstruction [58, 59].
In addition to its denoising performance, SVD-based filtering
also preserves the spatial resolution of the measurements, as it
avoids the blurring commonly introduced by conventional spa-
tial filters, making it well-suited for spatially resolved IVDF
measurements.

4. Results

4.1. Time-averaged measurements

This section presents time-averaged measurements of IVDFs
obtained using the developed ICCD-based PLIF system. The
validation of this diagnostic approach is discussed through a
direct comparison with a conventional PMT-based LIF sys-
tem. Figure 6 shows the [IVDFs measured by two different LIF
systems, in different radial positions of this plasma in operat-
ing scenario (A).

In each plot, the x-axis represents ion velocity (m s~!),
and the y-axis shows the fluorescence intensity normalized by
the maximum value of the IVDF at each position to facilit-
ate comparison. Error bars on the fluorescence intensity indic-
ate the standard deviation from three repeated measurements.
The ion velocity error bars represent a combination of the
standard deviation from three measurements and the wave-
meter uncertainty, which is approximately + 89 m s~!. The
radial position corresponding to each IVDF is labeled in each
subplot.

Figure 7 shows the differences between IVDFs measured
by each diagnostic, quantified using the cross-correlation and
reduced  ? calculated between the two data sets.

As can be seen from the magnitude of cross-correlation,
the discrepancies between the two measurements are larger
at the plasma periphery than at the radial center, where the
metastable density, and consequently, the fluorescence intens-
ity and SNR are lower. As shown in figure 7(c), both dia-
gnostics exhibit larger experimental error bars at the periphery,
contributing to the observed deviations. Near r = 30 mm,
where the ion density is around 6x10° cm™3, both dia-
gnostics were not able to get information due to the lack
of signals. Nevertheless, in the region of interest close to
the bulk, both the cross-correlation and reduced 2 close to
1 indicates good agreement between the developed ICCD-
based PLIF system and the conventional PMT-based LIF
system.

Figure 8 shows the 1D radial distribution of the peak
intensity (Ag), most probable velocity (vp), and the ion tem-
perature (7;), extracted by fitting the IVDFs in different
position to the shifted Gaussian distribution described in
equation (1). The y error bars for each fitting parameters
show the 95% confidence interval of the y? fitting, indicat-
ing the statistical stability of the fit. The x error bars indicate
the uncertainty of the spatial positions, as shown in table 1.
The fitted parameter from both methods agrees with each
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Figure 6. Comparison of IVDFs at different spatial locations,
measured using PMT-based LIF (blue) and ICCD-based PLIF (red).
Fluorescence intensity is normalized by the maximum value of each
IVDF for visualization.

other as well as IVDFs, also supporting a successful cross-
validation of the developed PLIF system against conventional
measurements.

The spatially resolved characteristics of 2D IVDFs are
shown in figure 9. In each contour plot, the x-axis and y-
axis represent axial and radial positions, respectively. Due
to the near-axisymmetry and axial uniformity of the plasma,
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the fitted parameter maps exhibit radial symmetry and homo-
geneity along the z-direction. For visualization, only the spa-
tial averages of the fitted parameters are shown in figure 9.
It is important to note that fitting uncertainties increase
toward the periphery of the plasma, where fluorescence intens-
ity is weaker, and the SNR is lower as the plasma dens-
ity decays. Consequently, some apparent spatial variations,
such as the wavy structures observed in the axial direction
of the ion temperature map in figure 9(c) are likely arti-
facts within the margin of fitting error rather than physical
features.

Figure 9(a) shows the spatial map of the peak fluorescence
intensity (Ap) at each position, which depends on both the
local laser power and the density of ion metastables excited
by the laser. The non-uniformity observed along the axial dir-
ection is primarily attributed to the spatial variation in the laser
sheet’s power distribution. The radial decrease in peak intens-
ity reflects a reduction in the density of ion metastable, con-
sistent with expectations from plasma diffusion. Figure 9(b)
presents the spatial map of the most probable velocity (v),
which reflects the overall direction and magnitude of ion flow.
The map indicates radially outward ion streaming from the
plasma center, across the electric field. Ions are accelerated
linearly with radial position, to the magnitude of 800 m s~! at
r =20 mm. Figure 9(c) displays the ion temperature (7;) distri-
bution. Near the radial center, the ion temperature is approxim-
ately 0.045 eV. Toward the plasma periphery, the ions become
significantly warmer, reaching temperatures up to ~0.15 eV
at r = 20 mm, which is more than three times higher than at
the center. These spatially resolved IVDFs provide a found-
ation for further interpretation of ion transport and heating

in this plasma source. A detailed discussion of the phys-
ical mechanisms underlying these observations is presented in
section 5.

4.2. Time-resolved measurements

In this section, the applicability of this ICCD-based PLIF
system on time-resolved measurements is discussed, demon-
strating [VDF measurements in plasma operating scenario (B)
where plasma is driven with an external oscillation applied at
anticathode.

Figures 10(a)—(c) shows the time evolution of key plasma
parameters in response to the oscillating anticathode potential.
The plasma oscillates between two distinct operating condi-
tions, referred to as collector and repeller modes [47, 49]. The
x-axis represents time normalized by the oscillation period of
2 ms. The ICCD camera is triggered at two specific phases
corresponding to each mode, as indicated by the gray and red
boxes, respectively. The width of each box denotes the expos-
ure time 7/10 following the trigger signal.

The radial profiles of ion density, measured using an IP,
are presented in figure 10(d). The ion density is higher in the
repeller mode compared to the collector mode, as reduced
axial loss of the electron beam leads to increased ioniz-
ation. Notably, the ion density at the center is approxim-
ately 1.6 times greater in the repeller mode than in the col-
lector mode. The observed variation in ion density provides
a valuable test environment for evaluating the performance
of the time-resolved measurements of the developed PLIF
system. Previous study provides that the electron temperat-
ure and electric potential structure remains consistent between
the two modes [49]. Hence, the fluorescence intensity at
each mode is expected to scale proportionally with the ion
density.

The IVDFs obtained from time-resolved PLIF measure-
ments are fitted using a shifted Maxwellian distribution func-
tion. The resulting 2D maps of IVDF signatures are presented
in figure 11. These time-resolved 2D maps exhibit axisym-
metry, radial ion outflux and ion heating near the plasma peri-
phery, similar to the time-averaged measurements. The corres-
ponding 1D radial profiles at z = 0 mm are shown in figure 12.
Figure 12(a) displays the peak fluorescence intensity profiles
for each mode, normalized to the peak fluorescence at the
radial center in the collector mode. For comparison, the ion
density profiles in each mode, also normalized to the cent-
ral density in the collector mode, are overlaid. The fluores-
cence intensity at the radial center in repeller mode is approx-
imately 1.6 times higher than in the collector mode, consist-
ent with ion density measurements obtained using electrostatic
probe diagnostics. In each mode, the radial distribution of the
peak fluorescence intensity has the same trend to the ion dens-
ity profile, as expected, but exhibits a steeper gradient. This
difference in slope is attributed to the center-peaked electron
temperature distribution [49], which enhances fluorescence by
exciting more metastable states from the same ion density.
However, the ratio of fluorescence profiles and density profile
at different modes align well, supporting a successful imple-
mentation of time-resolved PLIF measurements.
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Differences in IVDF characteristics between the two modes
further validate the system’s time-resolving capability. For
instance, the most probable ion velocity is higher in the
repeller mode, linked to the enhanced plasma diffusion driven

1

by a steeper density gradient and a more pronounced center
peak. The ion temperature profile reveals that ions are approx-
imately twice as hot at the periphery compared to the center.
This trend is similar to what was observed in scenario (A),



Plasma Sources Sci. Technol. 34 (2025) 105003 S HSonetal

(a)
Intensity (a.u.) Most Probable Velocity (m/s) lon Temperature (eV)
3000 1000 ] 0.150
E E 10 E
= £ E
5 5 ° 5
= 1500 2 0 0 =z 0.075
2 4 2
] & ®
o =l o
= -0 2 -10 & -10
-15 -15 -15
-20 ] -20 -1000 -20 0.000
-4 -2 0 2 4 -4 -2 0 2 4 -2 [ 2 4
Axial position (mm) Axial position (mm) Axial position (mm)
Intensity (a.u.) Most Probable Velocity (m/s) lon Temperature (eV)
3000 20 1000 0 0.150
15
E E E
£ £ £
5 5 ° 5
- 1500 2 0 0 2 0.075
g g 3
] s 7 ]
o =] o
5= 2 10 & -10
- _ -
-20 0 -1000 —20 508 0.000
-4 -2 0 2 4 -2 0 2 4 -4 =2 0 2 4
Axial position (mm) Axial position (mm) Axial position (mm)

Figure 11. Experimentally obtained two-dimensional characteristics of ion dynamics, analyzed through fitting of IVDFs at two different
ICCD triggering phases: (a) repeller mode, (b) collector mode. Each row displays spatial maps of peak fluorescence intensity, most probable
ion velocity (m s '), and ion temperature (eV), extracted through fitting of the IVDFs in each mode.

—4— Collector, PLIF

== Repeller, PLIF
=4 Collector, Probe
“re«..,, =% Repeller, Probe

RECT T

=
3
L

T e

Intensity (a.u.)
_O -
w o

<o
=}

(b)

=)}
=}
o

400

200 A I

Most Probable Velocity (m/s)

()

o4
N
=3

0.15 4

0.10 4

0.05

lon Temperature (eV)

0 5 10 15 20
Radial position (mm)

o
o
=)

Figure 12. Radial distribution of ion dynamic parameters in the repeller mode (red) and the collector mode (black): (a) peak fluorescence
intensity, with the normalized ion density profile overlaid as a dotted line, (b) most probable ion velocity, (c) ion temperature.



Plasma Sources Sci. Technol. 34 (2025) 105003

S H Sonetal

(@ __ 1000
w —4— PLIF
E —_— "
< o0+ M.odelln_g
2> = Simulation
8
S 600
2
[}
S 400
18]
S
& 200
=
w
[e]
= 04
(b) 030
< 0.25 1
K
@ 0.20
3
2
£ 0.15
o
E 0.10
3
C
2 0,05
0.00 ;

10 15 20
Radial position (mm)

w4

25 30

Figure 13. Radial distribution of ion dynamic parameters: (a) most
probable ion velocity, (b) ion temperature. PLIF measurements
(red), PIC simulation (blue) and particle balance modeling (black)
are shown. The modeling and simulation results are reproduced
from [50].

though to a lesser extent. Specifically, the ratio of ion temper-
ature at r = 20 mm to the center temperature is around 2 in
both modes of scenario (B), whereas it was approximately 3
in scenario (A), as discussed in section 4.1.

5. Discussions

Two robust signatures are observed from the PLIF measure-
ments in this electron beam generated E X B plasma: (i) mono-
tonically increasing outward-directed ion velocity, and (ii) ion
heating at the plasma periphery. In this section, we further
discuss on these experimental observations in comparison to
2D3V particle-in-cell (PIC) simulations tailored to this setup
and particle-balance modeling detailed in [47, 50, 60, 61].

Figure 13 presents the radial profile of most probable ion
velocity and ion temperature in scenario (A), both from PLIF
(red) and PIC (blue). The data is extracted along the z = 0 mm
line of the 2D data set. The PIC simulation results are time-
averaged over 418 us once steady state is reached.

5.1 Radially outward ion flux

Figure 13(a) displays the radial profile of the most probable
ion velocity. Both the PLIF measurements (red) and the PIC
simulations (blue) indicate outward ion flow across the entire
radius. Such a flux is expected under steady-state conditions
because it compensates for volumetric ion production near the
plasma center. A simplified particle balance model (black),
which estimates the radial ion flux required to balance the elec-
tron beam impact ionization, and the axial ion Bohm flux cal-
culated from the EEDF [51], also predicts an outward flux.

However, the discrepancy between the modeled velocity and
the experimental or simulated values increases toward the peri-
phery, indicating additional radial ion acceleration and loss
mechanisms. To interpret this discrepancy, it is instructive to
discuss the steady-state radial momentum balance equation
of ions:
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where u, and ugy are the radial and azimuthal ion velocities, 7;
is the ion density, E; is the radial electric field, and B, is the
axial magnetic field. In this simplified form, ion-neutral colli-
sion drag is neglected. The left-hand side contains the convect-
ive derivative (ion inertia) term, representing radial accelera-
tion of ions. The right-hand side comprises the driving forces:
the electric field, Lorentz force, centrifugal force, and pres-
sure gradient. Because 7; < T, the pressure-gradient term is
negligible compared to the contribution from the electric field,
which is on the order of ~1 V cm™!. In contrast, the coup-
ling of azimuthal rotation into the radial direction can be sig-
nificant. For example, a prior study simulating Penning E %
B discharges found that the centrifugal force can balance the
inward-directed electric field in steady state [60]. Although
the origin of azimuthal ion rotation in this partially magnet-
ized plasma remains uncertain, potential contributors include
ion rotation associated with magnetization [62] and interac-
tions with azimuthally rotating spoke structures. Furthermore,
within this fluid framework, the role of kinetic effects, such as
the coupling of ion motion to plasma wave and instabilities,
cannot be fully captured. A detailed quantitative assessment
of these effects is left for future work.

5.2. lon heating at the plasma periphery

Figure 13(b) shows the radial profile of the ion temperature
from the radial velocity spread. While the core ion temper-
ature remains close to the room-temperature background gas
(Ty ~0.03 eV) [48], PLIF measurements (red) reveal a pro-
nounced peripheral ion temperature increase to 0.15-0.2 eV.
Earlier single-point LIF studies provided preliminary evid-
ence of warm ion production in this device [48], but the this
work offers the first detailed radial map. The PIC simulation
(blue) also predicts the formation of warm ions, consistent
with the magnitude and radial location of the heating measured
by PLIF. The observed peripheral ion heating coincides with
the region where an azimuthally rotating spoke is observed at
r =~ 15 mm [10]. Recent theoretical studies on E x B plas-
mas, support the interpretation that the spoke instability is
responsible for this peripheral ion heating [60, 61]. The spoke
can act as a moving potential structure that traps and ener-
gizes ions: as the spoke rotates azimuthally, ions are acceler-
ated by the time-varying azimuthal Ey fields and can gain kin-
etic energy. Time-resolved PLIF carried out under the higher-
pressure scenario (B) further supports this picture. The elev-
ated neutral density damps spoke activity [10], which may
reduce spoke-driven heating [58, 59] and lowers the edge tem-
perature rise to roughly a factor of two, considerably weaker
than in scenario (A). Nevertheless, a quantitative discrepancy
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between PIC and PLIF remains. The simulation predicts tem-
perature saturation, whereas PLIF shows a monotonic rise.
This could be artifacts of the simulation boundary condition
[61]. The computational domain is set half the vessel radius
used in the experiment for computational efficiency, where
this could suppress the growth of rotating spoke amplitude
before it fully develops.

6. Conclusion

In this work, we developed and implemented a PLIF dia-
gnostic based on a compact, low-power CW TDL for spati-
otemporally resolved [IVDF measurements in an electron beam
generated £ X B plasma. This ICCD-based PLIF system,
optimized through a systematic evaluation of camera operat-
ing parameters and image denoising techniques, enables high-
fidelity measurements while significantly reducing acquis-
ition time compared to a conventional PMT-based, mech-
anically scanned LIF system. By capturing the entire spa-
tial distribution in the time required for a single-point PMT
measurement, the PLIF system makes it feasible to invest-
igate transient and spatially complex plasma behavior in
detail.

The enhanced capability of the diagnostic directly enabled
the first 2D maps of IVDFs in this source, revealing key
ion dynamic signatures: (i) an outward-directed ion flux
propagating across the inward electric field, and (ii) pro-
nounced peripheral ion heating, with ion temperatures at
the edge reaching approximately three times the core value.
These observations, validated against kinetic simulations, sug-
gest additional particle loss mechanisms beyond those cap-
tured by particle-balance modeling that may link to the
anomalous azimuthal rotation of ions. The warm-ion popu-
lation detected at the periphery provides experimental sup-
port for theories linking ion heating to rotating spoke instabil-
ities, thereby connecting the diagnostic observations to fun-
damental instability physics in E x B plasmas. The time-
resolving capability of the PLIF system further enabled the
capture of dynamic oscillations between distinct plasma oper-
ating modes, with fluorescence-based density maps in close
agreement with probe measurements. This capability opens
a pathway to studying ion kinetics under temporally mod-
ulated conditions, such as pulsed biasing or spoke-driven
fluctuations.

Looking forward, the combination of simplified setup, high
spatial coverage, and temporal resolving capability makes this
PLIF system a powerful tool for investigating ion dynamics
in various low-temperature plasmas. Further improvements of
system are encouraged, including integration of advanced ima-
ging devices such as electron-multiplying ICCDs or machine
learning based image denoising filters. With improved tem-
poral resolution and sensitivity, this system is expected to
extend to a wider range of low-temperature plasmas, support-
ing future advances in plasma physics and the development of
next-generation plasma sources.
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Appendix A. Discussion on the background
subtraction

The proposed ICCD-based PLIF system is more tolerant on
plasma drift on longer time scale compared to the conven-
tional LIF system, as mentioned in section 3.2. However, it
is worth to discuss further about the criticality of this assump-
tion on the further possible application of this system to differ-
ent plasma sources. We assume that the background emission
from the plasma remains sufficiently stable over time, such
that its drift or fluctuation is smaller than the LIF. This allows
a single background image to be used for all fluorescence
images acquired at different laser wavelengths and at differ-
ent times. If, however, the background emission fluctuates rap-
idly and more strongly than the fluorescence signal, inaccurate
background subtraction may lead to failure in proper extrac-
tion of the fluorescence. The residual floor in reconstructed
IVDFs attributed to the improper subtraction will artifact the
fitting as well [42].

To evaluate the reliability of the above assumption in
our plasma source, additional measurements were conducted
under scenario (A). Using a mechanical chopper as the trig-
ger for the ICCD camera, one image with laser incidence and
one background image without laser incidence were recor-
ded at each laser wavelength during the scan, separated by a
10 ms interval. This short delay allows the two images to be
considered as captured at the same macroscopic time scale.
Figure 14 presents the deviation of the maximum intensity
in the background images and the maximum intensity of the
extracted fluorescence images throughout the scan. The scan
sequence is indicated by an arrow, and the entire process took
approximately 8 min, comparable to the duration required
for a single-point measurement using the conventional LIF
method. The results show that the variation in background sig-
nal is orders of magnitude smaller than the fluorescence signal
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Figure 14. Log-scale plot of the intensity drift in the background image and the maximum intensity of the extracted fluorescence image

during the laser wavelength (frequency) scan.

within the wavelength range where the peak and broadening of
the IVDFs are primarily resolved. However, at the tail of the
scan (e.g. around Af = 2 GHz), background deviations can
exceed the fluorescence signal if the latter is weak. Therefore,
for broader implementation of the proposed PLIF system in
different plasma sources, it is essential to quantify background
drift or fluctuation relative to the fluorescence signal to assess
the system’s feasibility.

Appendix B. Details on the image denoising
methods

In this section, we detail the analysis of image denoising
results introduced in section 3.3. Six denoising methods are
applied to the low-SNR image (figure 4(b)) and compared
against the high-SNR reference image (figure 4(a)) using two
quantitative metrics: PSNR and SSIM [57].

PSNR evaluates the fidelity of a denoised image by calcu-
lating the ratio between the maximum possible pixel intensity
and the mean squared error between the denoised image and
the reference. Higher PSNR values indicate better denoising
performance, as they correspond to a smaller deviation from
the ground truth. However, PSNR is based solely on pixel-
wise intensity differences and may not fully capture perceived
image quality.

SSIM, in contrast, assesses the perceptual similarity
between images by incorporating structural information,
luminance, and contrast. It produces values ranging from
—1 to 1, with 1 indicating perfect structural similarity.
Because it captures texture and structural content, SSIM is
more aligned with human visual perception and is there-
fore often more appropriate for evaluating denoised image
quality.

The six denoising methods evaluated are: SVD-based filter-
ing, median filtering, Gaussian filtering, Wiener filtering, bilat-
eral filtering, and FFT-based filtering. The working principle
and the filtering parameters of each filter is introduced
below.

SVD-based filtering works by decomposing the image into
singular values and corresponding singular vectors, enabling
noise suppression through the selective retention of domin-
ant components. This method is effective in enhancing image
quality by preserving essential structures while removing
noise. The number of retained components is varied from
1 to 3 to find the optimal filtering parameter. For instance,
‘SVD, 2nd’ in this analysis refers to retaining only the first
and second most significant components, while discarding the
rest assumed to contain noise.

Median filtering is a nonlinear filtering technique that
replaces each pixel value with the median of the intensities
in its neighborhood window [N Xx N], effectively removing
impulsive noise. It is particularly effective in suppressing salt-
and-pepper noise due to its ability to reject outliers. The win-
dow size is varied from 11 to 51 to find the optimal filtering
parameter.

Gaussian filtering applies a convolution operation with a
Gaussian kernel, providing smooth image results by reducing
high-frequency noise components. It achieves noise suppres-
sion through weighted averaging, where pixels closer to the
center have higher weights, ensuring minimal distortion of the
image details. The width of the Gaussian kernel o is varied
from 1 to 3.

Wiener filtering is a linear filtering technique that min-
imizes the mean square error between the estimated and
true signal, under the assumption of a stationary signal and
noise process. It adapts to local image variance, provid-
ing stronger noise suppression in high-SNR regions while
preserving important image features. The primary tuning
parameter is the size of the local neighborhood window
[N x N], which determines the area over which local stat-
istics (mean and variance) are computed for adaptive fil-
tering. The size of the local window is scanned over the
range 11-51.

Bilateral filtering preserves edges while reducing noise
by considering both spatial proximity and intensity similarity
when averaging pixel values. It applies a weighted average,
where the weights are determined by two Gaussian functions:
one based on geometric closeness (spatial domain) and the
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Figure 15. Low-SNR denoising results of the fluorescence image at the laser frequency of Af = 0, using various filtering parameters. Rows
correspond to different methods, and columns within each row illustrate changes in image quality when different denoising parameters are
applied. (a) Median filtering with window sizes of 11, 25, and 51. (b) Gaussian filtering with o = 1, 2, and 3. (c) Wiener filtering with
window sizes of 11, 25, and 51. (d) Bilateral filtering with o = 1, 2, and 3. (e) FFT-based low-pass filtering with cutoffs of 0.01, 0.1, and
0.5. (f) SVD-based filtering retaining up to ranks 1, 2, and 3.
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Figure 16. Quantitative evaluation of denoising performance across laser wavelength (frequency) scan Af using (a) PSNR and (b) SSIM
metrics. Results are shown for fluorescence images reconstructed using SVD-based filtering and Median filtering. Labels such as ‘SVD,
2nd,” indicate SVD-based filtering including components up to the 2nd significance. Labels such as ‘Median, 21’ refer to median filtering
applied with a [21 x 21] square window.
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other on photometric similarity (intensity domain). The degree
of smoothing is controlled by two parameters, o, for spatial
distance and o, for intensity difference. Smaller o values res-
ult in stronger edge preservation, while larger values lead to
more aggressive smoothing. It is widely used for denoising and
edge-preserving smoothing in computer vision and image pro-
cessing tasks. In this study, the spatial variance o, is scanned
over the range o, = 1 to 3.

FFT based filtering operates in the frequency domain by
transforming the image, filtering out high-frequency compon-
ents associated with noise, and then performing an inverse
transform to reconstruct the denoised image. This approach
allows selective attenuation of noise frequencies while pre-
serving important structural components. FFT-based filtering
is particularly effective for periodic noise removal and sig-
nal processing applications. Here, the high-frequency cutoff
is varied from 0.01 to 0.5 to find the optimal setting.

The resulting denoised images with different parameters
are shown in figure 15, while the result with the highest PSNR
and SSIM for each method is displayed in figure 4. As sum-
marized in section 3.3, SVD-based filtering gave the best
denoising results.

Figure 16 shows the PSNR and SSIM in different laser
wavelength, which gives differently patterned fluorescence
images. Overall, the SVD-based filtering gives better PSNR
and SSIM unless median filter uses a larger window of filtering
so that the image is more blurred, and we lose the spatial res-
olution. On the other hand, the above plot shows that retaining
one component from the SVD-based filtering gives the best
PSNR, which indicates that the most significant (1st) com-
ponent contains the fluorescence structure, while components
lower than 2nd significance contains noise. Therefore, select-
ing only the first component in SVD-based filtering is suffi-
cient for effective denoising across all laser wavelengths used
to reconstruct the IVDFs.
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