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Abstract
Plasma-assisted technologies are rapidly advancing and are set to play a crucial role in the green
transition. One challenge in this development, specifically tied to laser-based plasma
diagnostics, is the presence of interfering plasma-induced emissions, such as the de-excitation
of naturally excited species, which can complicate the detection of laser-induced signals.
Successfully differentiating between the two would unlock new measurement possibilities
within plasma and its applications. This paper presents an adaptation of light-field amplitude
control (LAC), a novel approach to two-photon atomic laser-induced fluorescence (LIF), which
effectively separates LIF from plasma emissions. We demonstrate this capability by
distinguishing between plasma emission and LIF in the afterglow of a nanosecond pulsed
discharge in atmospheric pressure oxygen gas. Utilising LAC, we present single-shot 2D maps
of ground state atomic oxygen distributions at different delays after discharge. Additionally, we
report on the temporal dynamics of ground-state atomic oxygen concentration following the
discharge, quickly growing until peaking at 2.8µs, information that was previously unavailable
due to interfering plasma emissions. We have also analysed the consumption of atomic oxygen,
presenting a 2D map of consumption dynamics and chemical lifetime. Directly, these results
will lead to a better understanding of plasma chemistry in oxygen gas, especially the rapid
growth phase, but the adaptation of LAC to general plasma diagnostics will enable the
extraction of a whole host of new information through the removal of plasma emission.

Supplementary material for this article is available online
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1. Introduction

As our society attempts the largest infrastructure overhaul in
history with the green transition, plasma has been identified
and demonstrated as a promising technology to support this
process [1]. Plasma-based technologies have shown signific-
ant promise in applications such as bio-fuel production [2,
3], improving crop yield and food production [4], reforming
greenhouse gases into usable chemicals and fuels [5–7], and
assisting in ignition and combustion control [8–11], all areas
that require improvement for a sustainable future. These pro-
cesses rely on plasma’s ability to generate reactive species
and induce complex chemical transformations, but the precise
mechanisms by which plasma contributes to these processes
are not fully understood. Moreover, plasma encompasses a
wide range of ionised gases, each characterised by varying
temperatures, densities, energy distributions, and levels of ion-
isation. To fully harness plasma’s potential, there is a need for
advanced analysis and diagnostic tools capable of accurately
characterising its spatial and temporal properties.

While thermal plasma provides excellent heating opportun-
ities due to high-energy ions, non-thermal plasma has been
identified as more chemically useful due to its ability to ini-
tiate chemical reactions through electron interaction without
excess energy loss due to heating of ions [12]. The interac-
tion between high-speed electrons and a chemical system can
then be utilised to initiate, sustain or alter reaction pathways.
One way to achieve non-thermal plasma effects is to apply
high voltage in short pulses. The pulsed electric field generates
high-temperature electrons, while keeping the ion temperature
low due to the considerable difference in rest mass. The effect
of applying a short high voltage pulse can be observed tens
of milliseconds later, despite the pulse itself lasting down to a
few nanoseconds (ns).

Studying the effects of pulsed discharge plasma is essen-
tial for understanding the mechanisms behind plasma-assisted
processes, and its potential applications. The effect of applied
plasma depends on the properties of the plasma, which tend
to vary both spatially and temporally (especially for pulsed
plasma), making plasma-based processes challenging to eval-
uate. Despite this, plasma-produced atomic oxygen (O) is of
significant interest due to its vital role in wide range of applica-
tions. O plays a crucial role in processes such as semiconductor
chip etching [13], biomedical sterilisation [14], and the con-
trolled modification of polymer surfaces [15]. Additionally,
O is central to various oxidation reactions [16], making the
plasma-induced dissociation of molecular oxygen (O2) a key
area of study.

As stated, chemical effects in the vicinity of a discharge
channel can vary widely due to local properties of the plasma,
and an analytical method that can resolve these transient
dynamic distributions is required. Such a method should also
be non-intrusive so that the measurement itself does not com-
promise the integrity of the results. One option for plasma dia-
gnostics that fulfils these requirements is laser-induced fluor-
escence (LIF), a widely used scientific tool in not only phys-
ics and chemistry [17] but also medicine [18] and industrial

chemical processing [19]. Beyond spatial and temporal res-
olution capability, it has increasingly gained momentum in
plasma diagnostics due to its ability to target individual species
in the plasma. It also produces fluorescence signal at known
wavelengths with a high signal-to-noise ratio compared to
many other diagnostic techniques [20]. Furthermore, if a suf-
ficiently powerful laser is used, the laser beam can be expan-
ded into a vertical 2D sheet, often referred to as Planar LIF
or PLIF. The 2D sheet means that a two-dimensional cross-
section of the target can be imaged and spatial distributions
can be probed.

However, investigating atomic species and smaller radic-
als, such as O, H, and CO remains a challenge. Such radicals
have electronic transitions from the ground state that require
excitation in the vacuum ultra-violet range, something that
is very challenging to achieve at atmospheric gas composi-
tion and pressure. To overcome this, two-photon atomic LIF
(TALIF) can be employed, where two photons of lower energy
are used for excitation. However, the absorption cross-section
for two-photon excitation is orders of magnitude weaker than
its single-photon equivalent, which leads to very weak fluor-
escence signal. The two-photon fluorescence intensity scales
quadratically with photon flux on the other hand, making
the use of ultrafast lasers, which provide laser pulses with
extreme photon flux, highly advantageous. The rapid devel-
opment of such laser systems over the last decade has also
enabled single-shot planar TALIF 2D imaging measurements,
albeit until recently limited to small sheets on the order of a
few millimetres [21].

Consequently, TALIF of O has been performed in a large
variety of plasma-related measurement schemes, including
plasma jets [22, 23], microwave discharges [24] and ns-pulse
discharges [25–28], in conjunction with simulation efforts
[29–31]. However, one thing common to all this experimental
data is that the data was either (a) produced in gas with relat-
ively small fractions of O2, or (b) taken well after the end of
the afterglow phase, likely due to significant interfering emis-
sion from de-excitation of plasma-excited O. The vast major-
ity are also not imaging- but point measurements, thus lack-
ing information on spatial variations. Consequently, there are
a few published articles onO dynamics in the presence of other
gases but virtually no information about the dynamics of O in
O2 gas, especially spatially resolved. What little information
exists is acquired long after the end of the afterglow phase.

This is because the plasma-induced emission, henceforth
called plasma emission, is spatially, temporally, and often
spectrally, indistinguishable from the laser-induced flores-
cence so there is no way to separate one from the other. This
is true not only for O, in general it is extremely challenging
to capture distributions and dynamics of intermediate reactive
species with TALIF if there is a luminous plasma afterglow. A
way to distinguish between LIF and plasma emissions is thus
needed.

Over the last decade, diagnostic adaptations based on
image- and Fourier analysis [32, 33] have gained traction as it
has been shown to be able to suppress stray light [34] or even
separate spectral components entirely [35], enabling snapshot
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multi-spectral imaging. The basic principle of structured illu-
mination with PLIF is to illuminate an object with a striped
pattern instead of a homogeneous laser sheet. This results in a
modulated fluorescence signal distribution that can be isolated
from any unmodulated interfering background that is not laser-
induced through band-pass filtering in the Fourier domain.
For plasma-diagnostic purposes, Fourier analysis was recently
used to indirectly image spatial CH3 distributions in a DBD
plasma cell by laser-induced photolytic breakdown into CH.
The CHwas then imaged using PLIF and Fourier filtering used
to distinguish between laser-created CH and naturally occur-
ring CH [36].

This paper presents light-field amplitude control (LAC), a
technique based of Fourier analysis previously shown to vastly
improve results from Planar TALIF measurements of ground
state atomic oxygen (O(3P)) in a flame [37]. In this adaptation
of LAC we theoretically sacrifice 3

8 of the fluorescence signal
to distinguish between laser-induced signal and plasma emis-
sion. It should be noted, however, that despite this reduction
in signal, we still achieve a signal improvement of 125% com-
pared to planar laser illumination. The Fourier-filtering then
allows distinction between plasma emissions and LIF, remov-
ing a major hurdle for investigating plasma chemistry in the
afterglow. We demonstrate its application on plasma result-
ing from a high-voltage ns pulsed discharge (NPD) generated
at atmospheric pressure in pure oxygen gas (O2), evaluating
and showcasing its ability to accurately remove plasma emis-
sion in both single-shot and accumulated datasets, through
the application of Lock-in analysis to the spatial modulation.
LAC+Lock-in also pushes the limit for how early after the
discharge information can be extracted by over 2µs, revealing
a previously inaccessible creation phase of O(3P). We invest-
igate O(3P) fluorescence intensity in the plasma channel up to
500µs after the NPD, resulting in an average chemical life-
time characterisation. Finally, we present 2D maps of fluores-
cence over time after discharge, as well as a pixel-wise calcu-
lated lifetime map, showcasing the spatio-temporal behaviour
of O(3P).

2. Methods

2.1. Experimental setup

A depiction of the experimental setup is displayed in
figures 1(a) and (b). The setup involved applying NPD-
induced plasma to O2 flowing between between a porous plug
and a flow stabilisation plate. The porous plug featured two
outlets, a central circular outlet (60mm diameter) that flowed
O2 while the outer ring (15mm width, for a total outer dia-
meter of 90mm) flowedN2, serving to shield the inner gas flow
from external gas movement. Gas flow rates were maintained
at 12 l−1 min O2 and 15 l−1 min N2, resulting in a matched
flow velocity for both gases of 71mm s−1. The flow stabilisa-
tion plate was located approximately 17mm above the porous
plug.

The plasma was generated in a pin-to-pin electrode con-
figuration with conical stainless steel pins, with both height
and diameter of 4mm. The bottom pin (cathode) was placed

at the centre of the porous plug, connected to ground, while
the top pin (anode) was fastened below the stabilisation plate,
connected to a FPG200-1NM1 High Voltage Pulse Generator.
The pulse generator produces <3 ns duration positive bias
pulses of 30 kV at 5Hz when matching into a 75Ω imped-
ance. The actual impedance in the pin-to-pin configuration is
much higher, affecting the duration of the discharge pulse in
the experiment. The gap between the pins was 9mm, chosen
because it was the largest gap that in practice reliably pro-
duced spark discharges. The voltage and current were mon-
itored using voltage and current probes: Tektronix P6015A
and Pearson 6585, respectively. Typical I–V curves for the
NPD are displayed in figures 1(c) and (d). Calculating the
energy deposition from the I–V curves gives a total energy
deposition of 170± 20mJ. Assuming a 9mm high discharge
column with 0.5mm radius yields a specific energy input of
24± 3mJmm−3.

The matched flow velocity was confirmed to completely
exchange the gas in the discharge volume, leaving no detect-
able O3 or temperature elevations from one discharge to the
next, when operating the discharge at 5Hz.

2.2. Optical diagnostics setup

The O(3P) atoms were probed using laser radiation from a
femtosecond laser (Ekspla UltraFlux FT405-LLC). The laser
system generates pulses at 5Hz with a duration of 35 fs at a
wavelength of 225.3 nm (spectral bandwidth 2.4 nm full width
at half maximum (FWHM)), delivering 33µJ of pulse energy
just after the probe volume. The O(3P) excitation scheme is
displayed in figure 1(e).

A cylindrical lens focused the light into a vertical sheet,
which produced the O(3P) fluorescence. The spatial sheet
modulation was achieved using a DOE, which first split the
laser pulse into two diverging components. A second cyl-
indrical lens refocused them in the probe volume, which
produced the LAC modulation through interference between
the two components where they overlap, see figure 1(b)
(Consequently, any fluorescence image not post-processed
will display the LAC-based modulation). The sheet dimen-
sions at the beam waist was estimated to 9× 0.2mm, with a
Rayleigh range of 18mm. This gives a maximum irradiance
of 1.06× 1011 Wcm−2 when accounting for the modulation,
just at the limit for quadratic regime, interference-free TALIF
of O at atmospheric pressure set by Rahman et al [38].

An intensified sCMOS camera (ANDOR iSTAR with
VIH photo-cathode type), equipped with a 50mm object-
ive (NIKKOR F/1.2) and a band-pass filter transmitting light
between 840 and 850 nm, was placed perpendicular to the laser
sheet, detecting the spatial O(3P) fluorescence distribution. It
imaged the fluorescence distribution from the O(3P) atoms
with a camera gate-width of 4 ns.

The triggering scheme for plasma generation, laser and
camera was designed to allow the laser to probe the O(3P)
atom distribution at variable times after the NPD. This setup
enabled the study of 2D O(3P) chemical lifetime by ima-
ging O(3P) distributions at different delays following the
NPD across multiple discharge pulses. For each delay, data
consisted of 50 single-shot images, from which average
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Figure 1. (a) and (b) Displays the experimental setup, with optics enabling LAC. The positive-bias NPD generator is connected to the pin
electrode under the stabilising plate. The porous plug, which the gas is flown through, is grounded. The first cylindrical lens forms the laser
pulses into vertical sheets. The diffractive optical element (DOE) splits the pulses into two diverging components, which are redirected and
made to overlap by the second cylindrical lens, creating a sinusoidal modulation pattern in the volume of overlap. (c) Shows typical voltage
and current wave forms for the NPD and (d) shows a zoom in the temporal domain around the discharge. (e) displays the excitation scheme
used for O(3P) fluorescence.

datasets were produced. Compensation for inhomogeneities in
the laser sheet was achieved using fluorescence data from a
homogeneous distribution of xenon gas.

Initially, the goal was to achieve calibration for absolute
number density measurements in a similar manner to [39] but
due to technical constraints a 1:1 map between Xe and O(3P)
fluorescence was impossible with on-resonance excitation for
both species. Instead, the wide bandwidth of the laser pulse
(2.5 nm FHWM) was utilised to excite both species slightly
off-resonance. The consequence of this is that while laser pro-
file corrections could be made, the correlation of absolute
density to fluorescence signal becomes non-trivial, especially
since this would be coupled with pixel-wise calculated fluor-
escence lifetimes with very high uncertainties. However, since
all steps in the Lock-in Fourier filtering process are linear oper-
ations, there is nothing theoretically hindering the use of LAC
when achieving absolute number density measurements.

An alternative calibration method involves a low-pressure
discharge cell containing a known O2/N2 gas mixture, as
presented by Shu et al [40]. By assuming complete dissoci-
ation of O2 in the plasma, the resulting atomic oxygen dens-
ity can be treated as known, allowing absolute TALIF cal-
ibration without the need for off-resonance normalisation.
While effective for ns and picosecond excitation, this method
becomes incompatible with ultrashort-pulse excitation due to
the significant group delay dispersion introduced by the cell’s
optical windows. For example, 1mm-thick fused silica win-
dows induce enough chirp to severely degrade pulse com-
pression and two-photon excitation efficiency for sub-100 fs

pulses. As a result, such a calibration approach is unsuitable
when using femtosecond pulses. Further analysis is provided
in the supplementary material.

In this setup, two photons at around 225.65 nmwere used to
excite O, leading to de-excitation via the emission of a fluor-
escence photon at 844.6 nm, which can be detected by a cam-
era sensitive in the near-infrared range. In applications where
O3 is produced, using UV photons for excitation presents
challenges, as these photons can photolytically dissociate O3

into additional O atoms. However, the ultrafast femtosecond-
duration pulses used in this study are sufficiently brief to
avoid exciting this additional O, thus yielding photolytic-free
measurements [41].

The NPD in this setup produces a plethora of excited states
of O and O2, resulting in a complex, but luminous and spec-
trally wide, emission spectrum from the oxygen plasma [42].
When probing the ground state population of O(3P) using
TAPLIF, it is impossible to distinguish between the laser-
induced emission from ground-state O(3P) and natural de-
excitation of the excited species, as they are both spatially,
temporally and spectrally overlapped. Therefore, there is a
need to distinguish between LIF and plasma emission.

2.3. Removing interfering emission

The technique for removing plasma emission is inspired by the
principles of structured illumination [34, 36, 43, 44]. When
a spatially sinusoidal intensity modulation with a known fre-
quency is applied to the exciting laser sheet, the fluorescence is
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Figure 2. (a) Displays an overview of the Fourier filtering procedure for a LAC PLIF image. In the Fourier domain, five peaks are located.
The centre peak, located at f = 0, contains the unmodulated plasma emission while the other four, two above and two below, contain the
modulated laser-induced fluorescence signal. The filtering is applied around these four, resulting in an image that contains no plasma
emission. (b) Displays a graphical depiction of the Fourier domain 1/f background and the modulation Fourier peak superimposed on top of
it. (c) Displays a graph depicting the total plasma emission intensity over time, with three sample plasma emission images from 2, 3 and
4µs delay to highlight spatial distribution of the plasma emission.

modulated with the same frequency, while the emissions from
natural de-excitation will remain unmodulated. Additionally,
since the excitation of O(3P) is a two-photon process, the
resulting spatial fluorescence profile will follow a quadratic
sinusoidal pattern. This non-linear behaviour not only modu-
lates the signal but also enhances the total fluorescence com-
pared to that of a homogeneous laser sheet, as the two-photon
excitation amplifies local variations. For a more thorough
explanation of this process we refer to Ravelid et al [37].

While LIF cannot be distinguished from plasma emission
in the spatial domain, the applied modulation ensures that they
are well-separated in the Fourier domain, enabling the use of
Fourier filtering. A graphical depiction of the Fourier filtering
process is illustrated in figure 2(a) Fourier filtering involves
applying a bandpass filter in the Fourier domain, where each
position corresponds to light with a specific modulation fre-
quency. Light resulting from the modulated laser sheet will
be located at distinct positions in the Fourier domain (form-
ing Fourier peaks), separate from unmodulated light, and can
be isolated using a spatial filter. This process is referred to as
Lock-in analysis.

Furthermore, the amplitude of these Fourier peaks is dir-
ectly proportional to the strength of a given modulation fre-
quency in the data. Thus, the Fourier peaks also provide
information about relative fluorescence intensity over time,
and, by extension, relative O(3P) concentration (as examined
in this paper). This clear distinction between, and separation
of, LIF from plasma emission enables the extraction of inform-
ation previously obscured by plasma emission.

Practically, employing intensified cameras, as well as slight
misalignments and scattering events, lead to a reduction in

modulation depth of the modulation pattern [37]. This means
that the modulated signal will have a lower amplitude and
form on top of a constant fluorescence offset, in addition to
the plasma emission. Consequently, fluorescence power will
be shifted to the Fourier domain origin and thus be indistin-
guishable from the plasma emission. While this reduces the
total fluorescence signal that can be extracted from the Fourier
domain, this reduction will be a fraction equal to the mod-
ulation depth and thus apply the same to all measurements.
Furthermore, it can be compensated for bymeasuring themod-
ulation depth at a time where no non-modulated emission is
present.

Even though the position of most of the plasma emis-
sion in the Fourier domain is concentrated at the origin
(modulation frequency 0, due to lack of modulation) ran-
dom spatial variations mean that emission components are still
present throughout the Fourier domain. This results in a nat-
ural Fourier amplitude spectrum from plasma emission that
resembles the inverse of the frequency. This phenomenon is
commonly referred to as a 1/f signature, reflecting the correl-
ation between the amplitude A(f ) and the Fourier frequency f :
A∝ 1/f. The Fourier peaks generated by the spatial modula-
tion of the laser sheet appear on top of this 1/f background,
as depicted in figure 2(b) To measure the height of these
Fourier peaks above the 1/f background, the background level
at the peak frequency must first be estimated, allowing the
amplitude difference between the peak and the background to
be calculated.

This amplitude extraction relies on the assumption that the
Fourier peaks are distinguishable from random fluctuations in
the background. However, this can be challenging to achieve
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if the signal is weak (which is often the case for two-photon
excitation) or if the plasma is very luminous. Nonetheless, as
long as the Fourier peaks remain clearly distinguishable from
the 1/f noise, the amplitudes can be reliably extracted, provid-
ing previously unavailable fluorescence information from the
plasma afterglow.

Using Lock-in analysis to isolate the modulated signal has
one drawback, however: down-sampling, a reduction in image
resolution that depends on the diameter of the Fourier filter
used (see supplementary materials of [37] for a full discus-
sion). The limiting resolution before applying Lock-in analysis
data was 50µs and after applying Lock-in, using a 4× 24-
pixel elliptical filter, the new resolution was 2100 and 440µm
along x and y, respectively.

3. Results and discussion

3.1. Spatial O(3P) distributions

A comparison between measurements before and after apply-
ing Lock-in analysis under similar conditions was necessary
to verify that applying Lock-in does not alter the measure-
ment results. Therefore, the duration of the plasma emission
was investigated to determine at which delay the plasma emis-
sion had dissipated, allowing for a valid comparison between
applying and not applying Lock-in to the measurements.
The total plasma emission intensity over time is graphed in
figure 2(c), together with three imaging examples. The graph
shows the total image intensity, on a logarithmic scale, over
time. Three representative images of corresponding data are
inlaid within the figure, with dashed blue lines indicating
approximate electrode positions. The presented data is the
average of 50 single-shots due to the significant shot-to-shot
instability of the discharge, likely caused by the large dis-
charge gap allowing a multitude of discharge paths through
the gap. The total intensity of the plasma emission reached
background levels at 4.5µs. However, at 4µs the plasma emis-
sion is very faint (even compared to the LIF intensity) and loc-
alised to just above the bottom electrode, as opposed to the
data at 3.5µs, which also has a low total intensity but is more
prevalent spatially. For this reason, the data-point at 4µs was
included in the comparison, placing the cut-off point for no
plasma emission to just before 4µs.

A study of the spatial shot-to-shot variation in O(3P) fluor-
escence was performed, some results of which are displayed
in figure 3(a). The figure displays five single-shot images of
O(3P) taken 3.5µs after the discharge, from different dis-
charge events. Significant shot-to-shot variations are observed
in all images, both in terms of discharge path and detec-
ted O(3P) distribution, indicating significant discharge-to-
discharge plasma instability. To combat this randomness, and
also remove data from non-spark discharges, each measure-
ment consisted of 200 images, of which the 50 images with
the highest discharge gap luminosity (a 2mm wide and 9mm
high area between the pins) were used to form average images.

Figure 3(b) displays a comparison between not applying
(top row) and applying (bottom row) Lock-in analysis tomeas-
urements, with the left column containing 50-shot averaged

data and the right column containing single-shot data. These
data sets were selected because they contain some plasma
emission but also clearly visible modulated signal from laser-
induced O(3P) fluorescence. The accumulated data shows that
applying Lock-in analysis does not alter the spatial signal dis-
tribution; it follows the shape and intensity of the fluores-
cence modulation in the non-Lock-in image while ignoring
and removing overlapping plasma emission. Note, however,
that the Lock-in analysis decreases the spatial resolution of
the images [37].

The ability to discriminate between fluorescence and
plasma emission is more evident in the displayed single-shot
data, where two islands of intensity are observed in the raw
data: one in the cathode-half of the discharge gap and one in
the anode half. The cathode-side island presents a higher peak
intensity and larger spatial extent than the anode-side island
before Lock-in is applied to the data. After applying Lock-in
analysis, however, the cathode-side intensity is stronger than
the anode side. This suggests that, for this single-shot image,
the anode-side island intensity is laser-induced O(3P) fluores-
cence, while the majority of the cathode-side island intensity
is due to plasma emission. The location of the plasma emis-
sion correlates well with the plasma emission data displayed
in figure 2(c), showing that while there is significant plasma
instability, general trends can be observed through the accu-
mulation and averaging of data between discharges.

The results from a temporal comparison study of apply-
ing Lock-in analysis are depicted in figure 3(c). As expected,
the spatial intensity distributions are maintained over time. As
shown by the accumulated data in figures 3(b) and (c), more
O(3P) is generally created in the cathode-half of the plasma
channel than in the anode-half, with a maximum approxim-
ately 1.7mm above the cathode tip. This distribution indicates
a significant enhancement of chemical activity in the cathode-
half of the discharge gap. This data correlates with the find-
ing that plasma emission is significantly stronger in the lower
half of the discharge gap as well, supporting the notion that
the detected plasma emission is due to de-excitation of O∗ to
O(3P).

In terms of comparative simulations, Tholin and Bourdon
[45]. simulated electron density resulting from a ns discharge
between hyperboloid electrodes in atmospheric pressure air.
After a single discharge they report an electron distribution
between the pins that correlates well with our detected O(3P)
distributions. According to a review article by Popov and
Starikovsakaya [46], the initial production of O in a NPD is
wholly due to the dissociation of O2 through electron impact,
indicating that the correlation between the electron distribu-
tion of Schmidt et al [22]. and the O(3P) distribution presented
here is not coincidental.

3.2. Chemical lifetime comparison for data with and without
Lock-in analysis

A comparison of chemical lifetimes calculated from data with
and without Lock-in analysis was performed. Note that the
absolute signal counts from Lock-in are naturally lower due
to the filtering process, so the Lock-in data intensities were
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Figure 3. (a) Displays a sample of single-shot O(3P) fluorescence images, highlighting the stochasticity of the NPD. (b) Displays a
comparison between not applying- and applying Lock-in analysis for both single-shot and accumulated data. The lock-in analysis both
preserves the intensity distributions of O(3P) fluorescence and removes plasma emission, as is most evident in the single-shot comparison.
(c) Displays a comparison similar to that in b, although only with accumulated data, at increasing delay after NPD. All are after the plasma
emission has died out, showcasing the minimal effect of Fourier filtering on spatial distributions.

Figure 4. (a) Displays a typical O(3P) fluorescence image, as well as the approximate locations of the top and bottom electrodes. It also
contains eighteen boxes (1–18) signifying the data used for preliminary O(3P) lifetime evaluations. (b) Displays the resulting lifetimes from
the eighteen boxes with 95% confidence intervals. Red and blue lines represent lifetimes from data without and with Lock-in analysis
performed, respectively. The black curve gives the lifetime ratio with/without for each box.

normalised to the data without Lock-in. Figure 4(a) displays a
sample fluorescence image with a set of small boxes (1–18).
The average intensities within these boxes are used (individu-
ally) for the calculation of chemical lifetimes. The locations of
the boxes were chosen along the centreline between the pins

and cover areas of high, intermediate and low intensities. The
size of the boxes were 3 by 20 pixels in size.

Figure 4(b) displays the calculated lifetime for each box
with (red) and without (blue) applying Lock-in. Each data
point is presented with 95% confidence intervals. While there
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Figure 5. (a) Displays the Fourier peak amplitude, directly proportional to ground-state O(3P) concentration, between 1.7 and 10µs after
the NPD. The dashed pink line indicates where plasma emission previously limited information extraction (4µs) and the green dashed line
indicates where said limit is when utilising Lock-in analysis (1.8µs). Due to LAC and the possibility to apply Lock-in analysis, the limit is
pushed by more than 2µs. (b) Displays the Fourier peak amplitude between 4.5 and 500µs after discharge. The dashed blue line marks a
double exponential fit to the data.

are variations from box to box, the two calculated lifetimes for
each box agree very well, both falling well within the uncer-
tainty bounds of the other. The figure also presents the indi-
vidual box intensity ratio between the pre-Lock-in and post-
Lock-in data (black), showing that the difference is never lar-
ger than 40% but are within 10% in the majority of cases.
Applying Lock-in does, however, appear to overestimate the
lifetimes by on average 2%. While this is an interesting obser-
vation, it is not considered problematic, since 2% is still well
within any uncertainty bounds for the data presented here.
Therefore, it is concluded that any results extracted from data
using Lock-in analysis are reliable and representative, as long
as the modulation Fourier peak is clearly distinguishable in the
Fourier domain.

3.3. Temporal dynamics of ground state O-atom after the
ns-discharge

The Lock-in analysis was then applied to O(3P) data at time
delays after the discharge where the modulation Fourier peak
could be identified. Figure 5 displays a plot of the modula-
tion Fourier peak amplitude at different delays after NPD.
Figure 5(a) illustrates the temporal amplitude dynamic over
the first 10µs, using data from a 65 pixel wide column centred
along the vertical axis between the electrodes, with error bars
signifying the standard deviation of the Fourier peak amp-
litudes from the set of single-shot images. The dashed lines
in the figure mark the delay limit previously established in
figure 2(c) (pink) and the new limit for this experiment (green),
where the Fourier peak amplitude becomes indistinguishable
from 1/f variations.

The data shows that the limit for how soon after discharge
data can be extracted has been pushed by more than 2µs

through the use of Lock-in analysis on the data, with the first
data-point now at 1.8µs post discharge. The position of this
new limit is influenced by two separate phenomena; the growth
of O(3P) and the intensity of the plasma emission. The depic-
tion of the amplitude measurement in figure 2(b) is idealised;
in practice, the 1/f -background also exhibits stochastic vari-
ations (as exemplified by the grainy structure around the cent-
ral peak in the Fourier domain in figure 2(a). The magnitude of
these variations decrease as 1/f but also scale with total plasma
emission strength, which in turn decreases exponentially with
time (as seen in figure 2(c). Additionally, the O(3P) concen-
tration is expected to be virtually zero before the discharge
and then increase until it reaches its maximum value around
3.5µs later. Consequently, at some point after discharge the
stochastic variations shrink to have amplitudes similar to that
of the O(3P) Fourier peak, after which distinguishing between
them is possible. It should be noted, however, that employing a
higher modulation frequency (thereby locating the modulation
Fourier peaks farther from the Fourier domain origin, where
the 1/f amplitude variation is smaller) or a more powerful laser
systemwould push this limit even closer towards the discharge
event. For this particular experimental setup, a higher modu-
lation frequency was not possible due to space constraints for
the camera position that limited imaging resolution, and thus
modulation frequency.

Some work has already been done on temporal dynamics
of O(3P) in this kind of plasma, though the gas mixture is
almost exclusively regular air, not pure oxygen, and the pres-
sures are generally lower. Uddi et al [25] compared modelling
to experimental data for production of O in a flow reactor flow-
ing air at 60 Torr through a 20 kV NPD. They report a growth
phase of O, peaking around 5µs after discharge, followed by
a double exponential decay. The fast consumption dominates

8



Plasma Sources Sci. Technol. 34 (2025) 105010 J Ravelid et al

until around 100µs before being slowly consumed over tens
of milliseconds. In simulations they also correlated the raise
of O to the decay of electronically excited N2(A).

Popov and Starikovskaia [46] discuss a similar behaviour in
air at atmospheric pressure, but on different timescales, com-
paring experimental data from Lo et al [26, 27] to modelling
done by Popov [31]. They observe rapid growth until 40 ns
after discharge, with a peak in O(3P) concentration at 100 ns.
This dynamic is followed by an initially rapid consumption,
which they attribute to a decrease in gas density due to a
gas-dynamic expansion of the hot channel, rather than actual
consumption of O. Thereafter, a slower consumption phase
begins around 2µs after discharge and continues for tens of
microseconds.

Ju and Sun discuss the production of O(3P) extensively in
their review paper [47], stating that the main production pro-
cess of O(3P) during the discharge is through electron impact
dissociation. After the discharge, however, the dominant pro-
cess is dissociation of O2 through collisional quenching of
electronically excited N2(B, C), as these excited states contain
more energy than the dissociation energy of O2.

When comparing these previous works to the results
presented here, several observations can be made: The general
temporal behaviour is the same in all three cases (fast growth
followed by slow consumption), with the primary difference
being the timescale on which they occur. By examining the
reaction mechanism in oxygen plasma [47], some insights can
be gained regarding the production of O(3P) from the stages
of (1) electron impact and (2) relaxation of plasma-induced
excited and ionised species. The first stage is dominated by
electron impact and its duration is determined by the electron
lifetime, which is typically shorter than 100 ns [46]. The avail-
able reactions are

e+O2 (X)→ e+ 2O. (R1)

e+O2 (X)→ e+O2 (a,b) . (R2)

e+O2 (X,a,b)→ e+ 2O(3P,1D) . (R3)

The direct effect of these reactions are not observable in our
data due to their very short duration. However, the electron
impact processes initiate the formation of a pool consisting of
electronically excitedO2(a, b), vibrationally excitedO2(v= 1–
41), O(3P, 1D), O3, and ions (O2+ and O−). Over the sub-
sequent several microseconds, complex kinetics occur within
this pool, accompanied by non-equilibrium energy transfer
and the continuous formation of more O(3P). However, due to
the very limited available data for pure O2 plasma, it remains
challenging to fully elucidate the full origin of the O(3P) peak
from a pure O2 plasma. This lack of data underscores the need
for additional experimental data on O growth for advancing
the O2 plasma kinetics, limiting discussions to comparisons
with air plasma.

To supplement the O fluorescence data and gauge the
gas temperature, emission spectroscopy was also performed.

These results are presented, together with a discussion on post-
discharge gas temperature and dissociation degree of O2, in
the accompanying supplementary materials. The conclusion
is that the maximum gas temperature lies in the range 5000–
9000K, due to the very high specific energy deposition. At
such temperatures both O3 and O2 thermally dissociate much
faster than they are formed, indicating a near 100% dissoci-
ation of O2. Consequently, until the gas cools to about 5000K
it is expected to consist solely of O in various excited states.

In low-temperature gas (below 3000 K) the dissociation of
O2 only occurs during the lifetime of the free electrons, gen-
erally shorter than 100 ns [46], but in high temperature gases
their lifetime can be significantly increased [48]. However,
in this high-temperature regime the delayed rise in the meas-
ured ground-state O(3P) population is not necessarily indicat-
ive of continued dissociation but rather of collisional popula-
tion dynamics. At temperatures above 5000K, O–O collisions
occur at rates exceeding 109 s−1, and the energy of these colli-
sions is often sufficient to excite atoms from low-lying excited
states such as O(3p3P) to even higher energy levels [49], rather
than de-excite them through collisional quenching. Given the
narrowing energy spacing at high principal quantum num-
bers, this environment supports collisional excitation cycling,
effectively trapping populations in excited states and delaying
their return to the ground state [50, 51]. As the gas cools in the
afterglow, these excitations become less probable, and a grow-
ing fraction of the atomic population relaxes into the O(3P)
ground state. This mechanism likely explains the observed
post-pulse increase in O(3P) density in the absence of electron
collision dissociation. Additionally, the application of TALIF
to excite O to the 3p3P state at temperatures above 5000K will
experience reduced fluorescence yield due to the additional
possibility of radiation-less collisional excitation.

The maximum O concentration is reached just before 3µs
at 760 Torr in pure O2, suggesting that the difference between
this peak timing and that of Lo et al [26, 27], via Popov and
Starikovskaia [46], is at least in part due to the absence of N2,
likely in conjunction with the previously discussed gas tem-
perature, highlighting just how dominant the effect of N2 is
when it comes to gas kinetics. Furthermore, the results sug-
gest that the main cause for the more rapid formation of O
in air plasma, compared to pure O2 plasma at the same pres-
sure, is due to collision with N2

∗ [25, 46], which has a much
higher temperature threshold for thermal dissociation. The rel-
ative delay in peak O concentration observed here would be
explained by the lack of this interaction.

Another noteworthy feature is unveiled when studying
the O consumption for longer than 10µs post discharge.
Figure 5(b) depicts the gradual decay of the Fourier peak amp-
litude between 4.5 to 500µs on a log–log scale, using data
from the same column as in figure 5(a) (Note, however, that
while there is overlap, the data used in figures 5(a) and (b)
are from two separate datasets and thus deviate slightly). The
O(3P) consumption displays a double exponential decay, with
a transition point around 50µs. The fluorescence decay curve
is displayed in figure 5(b), with a double exponential fitted to
the data indicated by a dashed blue line. A very good fit is
achieved (R2 = 0.99), giving two decay components; a faster
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Figure 6. (a) displays a lifetime map of pixel-wise calculated lifetimes, with three areas of interest marked i–iii. The image has been
masked to not display lifetime of low-signal pixels. (b)–(f) displays the fluorescence maps at different delays, with the areas of interest and
mask boundaries overlaid.

decay with a lifetime of 4.5µs and a slower with a lifetime of
110µs, with relative amplitudes of 1:1.35 in favour if the faster
consumption. For the data between 4.5 and 10µs, this double
exponential yields an average lifetime in the discharge gap of
around 15µs, agreeing well with the lifetimes shown for the
same timespan in figure 4(b). The same type of behaviour is,
as already mentioned, observed by Popov and Starikovskaia in
the data from Lo et al [27, 46], albeit at much shorter times-
cales. The difference in timescale is likely due to the difference
in gas composition and it is plausible that the fast consump-
tion is mainly due to thermally driven expansion of the hot gas
channel rather than actual consumption of O.

A possible explanation for the longer double exponential
decay is in the kinetic consumption mechanics of O(3P) in
the afterglow. From a kinetics point of view, the atomic oxy-
gen concentration during the consumption phase is expec-
ted to be dominated by the following reactions, according to
Nakagawa et al [52]:

O+O+M⇌ O2 +M (R4)

O+O2 +M⇌ O3 +M (R5)

O+O3 → 2O2. (R6)

They report that R5 is the main channel for O consumption but
that R4 cannot be neglected due to considerable dissociation of
O2 in a DBD plasma. According to the reaction rate constants
given in [52], R4 has a rate constant several times higher than
R5 over any relevant temperature range, further supporting

that R4 cannot be neglected but it very much depends on gas
temperature. For the case presented here, both R4 and R5 are
initially dominated by thermal dissociation of O2 and O3. This
effect could also explain the long O lifetime from the slow
decay, compared to what was expected from Eliasson et al
[53]. Above 5000K no consumption of O is expected but as the
gas cools below 5000K, R4 starts to change direction, favour-
ing formation of O2 over thermal dissociation. As the temper-
ature falls below 3000K the same goes for O3 in R5, mak-
ing the consumption rate of O increase further. It is therefore
plausible that the O(3P) peak observed at 3µs coincides with
the temperature where one of R4 and R5 changes direction. It
should be noted that the reversal of R5 also enables R6, further
enhancing the consumption rate of O.

3.4. 2D lifetime map of O consumption

So far, only the average consumption lifetime over the plasma
channel has been presented. Pixel-wise lifetimes were also
calculated to create a 2D map of O(3P) decay, allowing for
an assessment of how the local O(3P) concentration affects
its own consumption rate. Figure 6 displays six images, the
first (a) displaying the 2D lifetime map of O(3P) with three
regions of interest (i–iii) marked. The other five images (b)–(f)
show 2D fluorescence maps from different delays after NPD.
Overlaid on each image is the area contours from the lifetime
map for the three regions of interest.

The three regions marked in the figure are based on general
consumption lifetime but also fairly well divide the discharge
gap into four distinct regions; (i) the cathode-half of the dis-
charge gap, (ii) the anode-half of the discharge gap and (iii)
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the area near the electrodes. In region (i) the O(3P) concen-
tration is high, and the region also exhibit shorter lifetimes.
Similarly, in region (ii) the O(3P) concentration is lower and
the lifetimes are longer. This pattern is also observed at the
edges of the discharge gap, where the behaviour mirrors that
in region (ii). Thus, at first glance, lifetime appears to scale
with O(3P) concentration. However, region (iii) is inconsist-
ent with this hypothesis, as it displays lower concentrations
of O(3P) but also the shortest lifetimes in the discharge gap,
indicating that further investigation is required.

The arguments given by Nakagawa et al [52], that R4
cannot be disregarded as a source for O(3P) consumption
in favour of R5, thus also explain the general correlation
between O(3P) concentration and consumption rate observed
in figure 6 region (i) and (ii). However, the reasoning presen-
ted by Nakagawa et al contradicts the behaviour observed in
region (iii). This discrepancy is likely at least in part due to the
electrode configuration; they utilise two spherical electrodes
(one of which is coated with a dielectric) with 20mm diameter
while we use a pin-to-pin configuration. The pin-to-pin con-
figuration is expected to produce significantly higher electric
field strength near the electrodes, which in turn affects electron
energy and gas composition in the volume. While a detailed
analysis of this feature is beyond the scope of this publication,
it could be of interest to the field as a whole to investigate this
through simulations, as electrode configuration is one method
to alter the chemical characteristics of processes assisted by
pulsed plasma.

In pin-to-pin ns discharges, either a toroidal or cyl-
indrical structure of hot gas can form, depending on the dis-
charge voltage and electrode gap, as described by Dumitrache
et al [54]. For the 9mm gap used in this work, the
expected outcome is a diffuse cylinder of hot gas in the
plasma channel that cools primarily through thermal diffu-
sion, driven by uniform energy deposition and minimal hydro-
dynamic motion—characteristics of the so-called diffusive
regime.

However, the observed spatial distribution of O(3P) intens-
ity and lifetime suggests a departure from perfect symmetry.
Notably, regions in the upper half of the discharge channel
(region ii) exhibit longer O(3P) lifetimes than those below. A
plausible explanation could be a non-uniform energy depos-
ition: if the upper half receives less deposited energy, the
gas expansion (described by Starikovskaia et al) [46]) would
decay more quickly in that region. This expansion has been
proposed as the source of the fast O(3P) decay component
seen in this dataset. Under this framework, the longer life-
times in region ii can be attributed to weaker initial heat-
ing, which allows the gas to cool and stabilise earlier, shift-
ing the decay from the fast, hydrodynamic-dominated phase
to the slower, chemically limited regime. In contrast, region i,
which receives more energy, continues to undergo gas expan-
sion for a longer duration, resulting in more rapid dilution of
O(3P) and consequently shorter apparent lifetimes. This spa-
tial discrepancy is thus consistent with both the non-uniform

energy deposition hypothesis and the kinetic interpretation of
the dual-exponential decay behaviour.

4. Conclusion

Optical plasma diagnostics are often hindered by interfer-
ing emissions from the discharge itself, limiting their effect-
iveness. This work introduces LAC, a novel concept that is
here used to distinguish between LIF and plasma emissions
from a pin-to-pin NPD in pure oxygen gas, yielding previ-
ously unavailable information on atomic oxygen dynamics.
We present the first 2D single-shot images of atomic oxygen
distributions from a plasma (to the best of our knowledge).
The atomic oxygen produced by the discharge was imaged at
various times after the discharge using femtosecond UV laser
pulses, to investigate its chemical lifetime. As part of LAC,
post-processing with Fourier filtering is also applied to the
data.

We show that applying Fourier filtering to the data has neg-
ligible effect on the data, and that the process accurately mit-
igate the effect of plasma emission. We then show that we can
extract valuable information from the data directly by meas-
uring the amplitude of the Fourier peak, at the loss of spatial
resolution. This pushes the limit for how early in the after-
glow data can be extracted by over 2µs. This previously unob-
served data shows that the ground-state atomic oxygen con-
centration grows quickly after the NPD, peaking at 3.5µs and
then being slowly consumed. Previously, only the slow con-
sumption phase had been observed.

The finding that O(3P) peaks at 3.5µs allows us to include
more data in the lifetime fittings, resulting in more accur-
ate lifetime calculations. Using this, we present a 2D map
of chemical lifetimes of O(3P) and compare that to the
O(3P) concentration maps for several different post-discharge
times. The comparison suggests that the consumption rate
of O(3P) largely scales with the concentration. The only
outlier is the areas near the electrodes where the oppos-
ite behaviour is observed. Generally, the calculated life-
times of O(3P) from the 30kV NPD range between 5 and
50µs.

LAC is not only limited to O measurements but can favour-
ably be applied to any measurement scheme that relies on
multi-photon excitation, due to the aforementioned non-linear
scaling of fluorescence intensity on excitation intensity. As
such it is optimal for application on studies of species that
are currently very difficult, including not only O(3P) but other
atomic species often involved in plasma, such as H, N or C
[55–57]. If only the removal of interfering emissions is needed,
the LAC approach (or any variant employing structured illu-
mination) can be applied to any imaging LIF measurement but
when applied to measurements using multi-photon excitation
LAC also facilitates a stronger fluorescence signal, with fur-
ther amplification occurring for higher order processes. One
future application could thus be to apply LAC to single-photon
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transitions but instead utilising three photons for the excita-
tion, allowing both the removal of plasma emission as well as
fluorescence amplification.
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[23] Schröter S, Bredin Jôme, Gibson A R, West A, Dedrick J P,
Wagenaars E, Niemi K, Gans T and O’Connell D 2020 The
formation of atomic oxygen and hydrogen in atmospheric
pressure plasmas containing humidity: picosecond
two-photon absorption laser induced fluorescence and
numerical simulations Plasma Sources Sci. Technol.
29 105001

[24] Tserepi A D, Wurzberg E and Miller T A 1997
Two-photon-excited stimulated emission from atomic
oxygen in rf plasmas: detection and estimation of its
threshold Chem. Phys. Lett. 265 297–302

[25] Uddi M, Jiang N, Mintusov E, Adamovich I V and
Lempert W R 2009 Atomic oxygen measurements in air
and air/fuel nanosecond pulse discharges by two photon
laser induced fluorescence Proc. Combust. Inst.
32 929–36

12

https://orcid.org/0000-0001-7661-5798
https://orcid.org/0000-0001-7661-5798
https://orcid.org/0000-0001-7932-4670
https://orcid.org/0000-0001-7932-4670
https://orcid.org/0000-0002-8287-1592
https://orcid.org/0000-0002-8287-1592
https://orcid.org/0000-0001-8386-7109
https://orcid.org/0000-0001-8386-7109
https://orcid.org/0000-0002-3716-8822
https://orcid.org/0000-0002-3716-8822
https://doi.org/10.1088/1361-6595/aa6ada
https://doi.org/10.1088/1361-6595/aa6ada
https://doi.org/10.1016/j.renene.2023.119307
https://doi.org/10.1016/j.renene.2023.119307
https://doi.org/10.1109/TPS.2015.2416129
https://doi.org/10.1109/TPS.2015.2416129
https://doi.org/10.1140/epjd/s10053-021-00206-4
https://doi.org/10.1140/epjd/s10053-021-00206-4
https://doi.org/10.1016/j.ijhydene.2007.03.026
https://doi.org/10.1016/j.ijhydene.2007.03.026
https://doi.org/10.1021/ef980044h
https://doi.org/10.1021/ef980044h
https://doi.org/10.1021/ef9701091
https://doi.org/10.1021/ef9701091
https://doi.org/10.1351/pac200678061265
https://doi.org/10.1351/pac200678061265
https://doi.org/10.1088/0022-3727/39/16/R01
https://doi.org/10.1088/0022-3727/39/16/R01
https://doi.org/10.1524/zpch.2011.0159
https://doi.org/10.1524/zpch.2011.0159
https://doi.org/10.1007/s11090-015-9657-2
https://doi.org/10.1007/s11090-015-9657-2
https://doi.org/10.1016/S0378-3820(98)00091-5
https://doi.org/10.1016/S0378-3820(98)00091-5
https://doi.org/10.1021/jp0012449
https://doi.org/10.1021/jp0012449
https://doi.org/10.1038/s41598-018-30483-w
https://doi.org/10.1038/s41598-018-30483-w
https://doi.org/10.1021/acs.langmuir.1c02605
https://doi.org/10.1021/acs.langmuir.1c02605
https://doi.org/10.1016/0360-1285(81)90007-1
https://doi.org/10.1016/0360-1285(81)90007-1
https://doi.org/10.3390/s22082956
https://doi.org/10.3390/s22082956
https://doi.org/10.1002/cben.201800005
https://doi.org/10.1002/cben.201800005
https://doi.org/10.1146/annurev-anchem-062011-143148
https://doi.org/10.1146/annurev-anchem-062011-143148
https://doi.org/10.1364/OE.479562
https://doi.org/10.1364/OE.479562
https://doi.org/10.1088/1361-6463/50/1/015204
https://doi.org/10.1088/1361-6463/50/1/015204
https://doi.org/10.1088/1361-6595/abab55
https://doi.org/10.1088/1361-6595/abab55
https://doi.org/10.1016/S0009-2614(97)84252-2
https://doi.org/10.1016/S0009-2614(97)84252-2
https://doi.org/10.1016/j.proci.2008.06.049
https://doi.org/10.1016/j.proci.2008.06.049


Plasma Sources Sci. Technol. 34 (2025) 105010 J Ravelid et al

[26] Lo A, Cessou A, Boubert P and Vervisch P 2014 Space and
time analysis of the nanosecond scale discharges in
atmospheric pressure air: I. Gas temperature and vibrational
distribution function of N2 and O2 J. Phys. D: Appl. Phys.
47 115201

[27] Lo A, Cessou A and Vervisch P 2014 Space and time analysis
of the nanosecond scale discharges in atmospheric pressure
air: II. Energy transfers during the post-discharge J. Phys.
D: Appl. Phys. 47 115202

[28] Lanier S, Bowman S, Burnette D, Adamovich I V and
Lempert W R 2014 Time-resolved temperature and O atom
measurements in nanosecond pulse discharges in
combustible mixtures J. Phys. D: Appl. Phys. 47 11

[29] Popov N A 2007 The effect of nonequilibrium excitation on
the ignition of hydrogen-oxygen mixtures High Temp.
45 261–79

[30] Popov N A 2011 Fast gas heating in a nitrogen-oxygen
discharge plasma: I. Kinetic mechanism J. Phys. D: Appl.
Phys. 44 285201

[31] Popov N A 2016 Pulsed nanosecond discharge in air at high
specific deposited energy: fast gas heating and active
particle production Plasma Sources Sci. Technol. 25 5

[32] Ehn A, Bood J, Li Z, Berrocal E, Aldén M and Kristensson E
2017 FRAME: femtosecond videography for atomic and
molecular dynamics Nat. Publ. Group 6 e17045

[33] Bao Y, Dorozynska K, Stamatoglou P, Kong C, Hurtig T,
Pfaff S, Zetterberg J, Richter M, Kristensson E and Ehn A
2021 Single-shot 3D imaging of hydroxyl radicals in the
vicinity of a gliding arc discharge Plasma Sources Sci.
Technol. 30 04LT04

[34] Berrocal E, Kristensson E, Richter M, Linne M and Aldén M
2008 Application of structured illumination for multiple
scattering suppression in planar laser imaging of dense
sprays Exp. Fluids 39 1283–90

[35] Andersson D, Bao Y, Kornienko V, Popović D and
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