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Abstract

The methyl radical plays a central role in plasma-assisted hydrocarbon chemistry but is challenging to
detect due to its high reactivity and strongly pre-dissociative electronically excited states. We report the
development of a photo-fragmentation laser-induced fluorescence (PF-LIF) diagnostic for quantitative 2D
imaging of methyl profiles in a plasma. This technique provides temporally and spatially resolved
measurements of local methyl distributions, including in near-surface regions that are important for
plasma-surface interactions such as plasma-assisted catalysis. The technique relies on photo-dissociation
of methyl by the fifth harmonic of a Nd:YAG laser at 212.8 nm to produce CH fragments. These
photofragments are then detected with LIF imaging by exciting a transition in the B-X(0,0) band of CH
with a second laser at 390 nm. Fluorescence from the overlapping A-X(0,0), A-X(1,1), and B-X(0,1) bands
of CH is detected near 430 nm with the A-state populated by collisional B-A electronic energy transfer.
This non-resonant detection scheme enables interrogation close to a surface. The PF-LIF diagnostic is
calibrated by producing a known amount of methyl through photo-dissociation of acetone vapor in a
calibration gas mixture. We demonstrate PF-LIF imaging of methyl production in methane-containing
nanosecond pulsed plasmas impinging on dielectric surfaces. Absolute calibration of the diagnostic is
demonstrated in a diffuse, plane-to-plane discharge. Measured profiles show a relatively uniform
distribution of up to 30 ppm of methyl. Relative methyl measurements in a filamentary plane-to-plane
discharge and a plasma jet reveal highly localized intense production of methyl. The utility of the PF-LIF
technique is further demonstrated by combining methyl measurements with formaldehyde LIF imaging to
capture spatiotemporal correlations between methyl and formaldehyde, which is an important intermediate
species in plasma-assisted oxidative coupling of methane.
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1. Introduction

Methyl is a key radical in plasma-assisted hydrocarbon chemistry, and quantitative in-situ imaging
measurements of methyl are needed to improve fundamental understanding for a broad range of plasma
applications. Methyl is particularly important in methane chemistry because it is produced in the first step
of methane dehydrogenation. For example, in plasma-assisted methane combustion, methyl is formed by
collisions of methane with OH, electrons, O, and H, and its subsequent oxidation is central to the
formation of products and intermediate species [Ju2015]. Methyl radicals are also believed to be a
dominant growth precursor in plasma-assisted chemical vapor deposition (CVD) of diamond films
[Goodwin2018]. Methyl is recognized as a key intermediate in plasma catalytic oxidation of methane to
methanol [Li2021] and plays an important role in non-oxidative coupling of methane in the plasma
volume, such as in microwave plasmas [Minea2018]. It is also under study as a means of functionalizing
graphene sheets [Pei2010].

Plasma-catalysis coupling of methane is a promising alternative to conventional thermal catalysis for
conversion of methane to oxygenates or higher value hydrocarbon species, and its importance is
recognized in plasma research roadmaps [Adamovich2017, Bogaerts2020]. The generation of highly
reactive species in the plasma can facilitate chemical conversion at low temperatures, which reduces
energy use, coking of catalyst surfaces, and the undesirable complete oxidation of products in the case of
oxidative coupling of methane (OCM). Plasma coupled catalysts are experiencing a surge in interest, but
most research is limited to measurements of the products in the effluent. The high reactivity of methyl
makes it difficult or even impossible to detect in the effluent of a reactor. While surface species on the
plasma coupled catalyst are the subject of great interest [Somers2012, Neyts2016], only a few authors
have reported direct in-situ measurements of adsorbed species to date [ Whitehead2016, Barakat2014,
Stere 2015]. Development of in-situ, time resolved diagnostics is needed to answer fundamental questions
about the interaction between plasma and catalyst, for example whether methyl chemistry is dominated by
Langmuir-Hinshelwood or Eley-Rideal type reactions [Chawdhury2021]. In effect, an imaging diagnostic
capable of probing the plasma and near-surface region of the catalyst is highly desirable.

Detection of methyl in chemically reacting gas-phase systems is most often performed using techniques
that provide single-point or line-of-sight measurements, such as absorption [Sherer1997], resonance-
enhanced multi-photon ionization (REMPI) [Meier1987, Wu2011], mass spectrometry [Mcllroy2000,
Taatjes2008, Zhou2021], and degenerate four-wave mixing (DFWM) [Sick1995]. Two-dimensional
imaging measurements are needed to determine the spatial distribution of methyl. Although planar laser-
induced fluorescence is widely used for 2D imaging of reactive species such as OH, NO, CH, and CH,O
in both flames and plasmas [Hanson1988, Kaminski2002, Kohse-Hoinghaus2005, Sainct2014,
Schmidt2014, Ouaras2018, Frank2021, vandenBekerom2021], strong pre-dissociation of the
electronically excited states of methyl precludes the use of direct LIF detection schemes. However, pre-
dissociation enables the use of photo-fragmentation techniques in which methyl is dissociated using laser
photolysis and the resulting photofragments are detected. This approach has previously been
demonstrated for qualitative imaging of methyl in flames. In studies of low-pressure premixed methane-
air flames, Desgroux et al. noted that photo-dissociation of methyl at 205 nm produces CH, fragments,
which are also photo-dissociated to produce electronically excited CH fragments [Desgroux1996].
Fluorescence emission from the excited CH radicals can be detected and is proportional to the initial CH3
density, a process named laser photo-fragmentation induced fluorescence (LPIF). Subsequently, Li et al.
demonstrated LPIF of methyl in atmospheric pressure methane-air flames using the fifth harmonic of a
pulsed Nd:YAG laser at 212.8 nm with energies up to 15 mJ per pulse [Li2015], an increase in laser
energy and associated signal level of an order of magnitude. Li et al. further improved the detection



sensitivity by combining photo-fragmentation of CHs with LIF of the CH photo-fragments for single-shot
methyl imaging in a turbulent flame [Li2017], increasing signal levels by another order of magnitude.
This approach is referred to as photo-fragmentation laser-induced fluorescence (PF-LIF) and has recently
been used to study the structure of methyl distributions qualitatively in turbulent flames [Wan2021,
Wan2022]. The actual increase in signal levels for PF-LIF depends on the conditions. However, another
important advantage of PF-LIF is that the probe can be delayed with respect to the photo-fragmentation
beam to eliminate interferences.

The present investigation builds on the previous qualitative imaging of methyl in flames in three ways:
We demonstrate the CH; PF-LIF diagnostic technique in a plasma, employ a non-resonant detection
scheme suitable for measurements near a surface, and provide an absolute calibration strategy for
quantitative methyl measurements. For these demonstrations, we use an optically accessible plasma
reactor that enables in-situ imaging of radicals, intermediates, and products as well as probing of plasma-
surface interactions, such as plasma-assisted catalysis. Methyl measurements in a nanosecond pulsed
plasma are presented for three different conditions: a diffuse, homogenous plane-to-plane discharge, a
filamentary plane-to-plane discharge, and a plasma jet. The measurements in the homogenous plane-to-
plane discharge yielded absolute methyl density, while the other two configurations yielded relative
methyl measurements. We further demonstrate combined methyl PF-LIF and formaldehyde LIF imaging
to highlight the potential for using multiple imaging measurements to provide a more complete picture of
species distributions in methane plasma chemistry.

2. Experimental

2.1 Non-resonant PF-LIF

For the first step of methyl photo-fragmentation LIF, we use the fifth harmonic of a Nd:YAG laser at
212.8nm to photo-dissociate CH; to form CH radicals. The second step involves probing the CH
photofragments using a suitable CH-LIF excitation-detection scheme. CH has three optically accessible
electronic states (A, B, C), providing flexibility on the LIF excitation and detection schemes. All three
have been used in calibrated LIF measurements [Tsujishital993, Jacob1994, Luque1996-1, Luque1996-2,
Luque1997, Luque2002, Juckmann1998, Bohm2005, Gibaud2005]. Typical schemes involve excitation
in the A-X(0,0) band [Luque1996-1, Luque1996-2, Luquel1997,Walsh1998, Gibaud2005] or B-X(0,0)
band [Jacob1994, Luque1996-1, Luque1996-2, Luque1997] followed by resonant detection. Quantitative
interpretation of the LIF signals requires knowledge of the local collisional quenching rate, which can be
measured directly at low pressures [Luque1996-1, Luque1996-2, Luque1997, Juckmann1998,
Bohm?2005] or calculated [Walsh1998, Gibaud2005]. In certain environments, the pre-dissociated
B(v’=1) state and C-state can be used to reduce sensitivity to collisional quenching [Tsujishital993,
Luque2002], but this may be at the cost of reduced LIF-signal intensity. At atmospheric pressure and
above however, quenching of the C-state is again dominated by electronic quenching [Carter2014,
Hammack2017]. The schemes discussed so far rely on resonant detection due to the highly diagonal
nature of the three bands, making them unsuitable for detection close to a surface where a non-resonant
detection scheme is needed.

The requirement of non-resonant detection imposes constraints on the possible detection schemes. A
number of non-resonant CH-LIF schemes have been successfully applied, including excitation of A-
X(1,0) and detection at A-X(0,0) and A-X(1,1) [Paul1994], and B-X(1,0) excitation and detection at B-
X(0,0) and B-X(1,1) [Dilecce2010]. Due to the weak off-diagonal bands however, these non-resonant
schemes result in lower LIF-signals.



For this work, we used a popular non-resonant scheme that is frequently used in flames, which relies on
excitation in the B-X(0,0) band, followed by detection of fluorescence from the A-X(0,0) and A-X(1,1)
bands, and to a lesser extent the B-X(0,1) band [Carter1998, Watson2002, Bergthorson2005,
Tanahashi2005, Vagelopoulos2005]. This scheme makes use of the fact that the B2X~ (v’ = 0) and
A%A(v' = 1) states are very nearly resonant, which results in collisionally induced electronic energy
transfer (EET) between the two levels [Garland1985, Juckmann1998, Bohm2005, Li2007, Kiefer2008].
The electronic energy transfer enables a non-resonant scheme by pumping a B-X (0,0) transition and
detecting fluorescence in the overlapping A-X(1,1) and A-X(0,0) bands, as shown schematically in
figure 1. The EET rate was measured to be approximately 30% of the total B(v=0) removal rate
[Garland1985], but since EET is a collisional quenching process, the precise rate depends on the
collisional environment. The A(v=1) level in turn is coupled to the A(v=0) level through vibrational
energy transfer (VET), with all levels eventually decaying to the X state by collisional quenching and
radiative decay.

This scheme has been used for calibrated CH-LIF B-X(0.0) AX©0.0)+ AX(L1)
measurements in combustion environments by obtaining n
quenching rates directly from fluorescence decay rate Spectrum: J \

measurements [Juckmann1998, Bohm2005]. However,
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Absolute calibration of the diagnostic is further 213 nm

complicated by the fact that the methyl radical is highly
reactive and cannot be introduced into the gas mixture
but rather must be produced in-situ. We use photo- Figure 1: PF-LIF scheme

dissociation of acetone to produce a known and spatially

well-defined methyl concentration. To record calibration images, we seed small quantities of Acetone into
the reactant mixture.

CH,

X244

Methyl selectivity is provided by the fact that most potentially interfering species have an absorption
cross-section at least an order of magnitude lower [Li2017, Gardiner1987]. Moreover, interference could
only be significant if the photofragmentation produces CH, which precludes major species such as CO»,
O», or H>0. As suggested by Li et al., CHa is likely one of the main interfering species [Li2017].

In the afterglow of a plasma discharge, CH, could be present in significant quantities. The extent of
interference depends on the ratios of CH3 and CH: densities, absorption cross-sections, and quantum
yields. At 212.8 nm, the absorption cross-section of CH3 at 294 K is approximately 5 times larger than
that of CHz; 6.0-107'® cm? vs. 1.2-1078 cm?, respectively [Cameron2002, Kroes1993]. The wavelength
dependence of these cross-sections suggests that the ratio could be increased to a factor of approximately
80 by exciting methyl at 216.4 nm, which corresponds to the center of a strong CHj; absorption peak. This
would significantly improve the specificity of the methyl PF-LIF diagnostic at room temperature. For



higher temperature applications, the difference in the cross-sections at 212.8 nm and 216.4 nm may be
less pronounced than at 294 K [Ochlschlaeger2005].

Despite the reasonably good specificity at 212.8 nm, CH. interference cannot be ruled out unless the CH;
density can be shown to be less than or equal to that of CHs;. Measurements in methane RF-discharges
using threshold ionization mass-spectrometry found an order of magnitude less CH, than CHj3
[Sugail990], and a similar ratio was observed in microwave discharges [Jauberteaul997]. Numerical
kinetic modelling supports these findings in microwave discharges [ Yoon2002] and suggests that the
difference could be even larger in oxygen containing RF-discharges, where CH, densities are predicted to
be 2 - 3 orders of magnitude smaller than CH; densities [Moeller2006].

We are not aware of studies on relative CH, and CH3 densities that are directly relevant to the ns-pulse
DBD-plasmas in the present experiments, but a qualitative picture can be obtained by comparing the
threshold energies and branching ratios of kinetic pathways producing these radicals. Considering the
threshold energy for electron impact dissociation reactions, we find a threshold energy of 8.8 eV for the
reactions from CH4 to CH3, and energies of 9.4 eV and 9.5 eV for reactions that produce CH» from CHy
and CH3, respectively [Janev2002]. Based on these differences in threshold energies, we could expect the
production rate of CHs to be higher than that of CH,. Reaction path flux analysis of reactions in the
context of plasma assisted oxidation of methane in ns-DBDs indicates that 14% of the reacting methane is
converted directly to CHj by electron impact, whereas only 10% is converted to CH; (either directly or
through the CH;" intermediate) [Lefkowitz2015]. That same study indicates that CH; production is also
significantly favored by hydrogen abstraction reactions of CHs with OH and O('D), which could account
for approximately 50% of methane consumption.

Other studies exclude CH; production by electron impact entirely, suggesting that electron impact
produces exclusively CH3 [Togai2016]. This picture changes in the presence of argon, since electronically
excited metastable argon (11.5 eV) is sufficiently energetic to dissociate methane upon collision
[Balamutal983]. Methane dissociated in this way favors the formation of CH, (62%) over other
pathways, including one that results in CH; formation. While the gas mixtures in the present work don’t
include any argon, we cannot rule out the existence of a similar pathway for electronically excited He,
which has an energy of 19.8 eV.

2.2 Experimental layout

The plasma apparatus is shown in Figure 2 and consists of a nanosecond pulsed plasma source that is
integrated into a quartz cell, which enables control of the gas composition and pressure as well as the
temperature of a heated surface that interacts with the plasma. The quartz discharge cell is a six-arm cross
with 50.8 mm diameter arms. The four arms in the horizontal plane are covered by fused silica windows.
Gas is introduced through a 12.7 mm diameter inlet, and a vacuum pump is connected to a 12.7 mm
diameter outlet. The pressure is maintained at set values between 60-600 Torr by a PID-controller that
operates a butterfly valve.
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Figure 2: (left) 6-arm quartz cell; (center & right) heater and plasma electrode geometry for plane-to-plane (center) and jet
(right) configurations.

The high-voltage and ground electrodes are mounted in the top and bottom arms of the cell, respectively.
The top electrode can be configured with either a flat copper electrode or a plasma jet that impinges on
the ground electrode. In the former configuration, a 20 mm OD copper high-voltage electrode is
encapsulated in a 25.4 mm OD, flat-bottom fused silica tube. The gap between the high-voltage and
ground electrodes is adjustable and was set to a separation of approximately 10 mm. The pulsed plasma
was generated by connecting the top electrode to a high-voltage pulser (Transient Plasma Systems, SSPG-
20X-100K). In the jet configuration, the top electrode is replaced by a 12.7 mm OD, 10mm ID glass tube
and a concentric 6 mm OD steel high-voltage electrode. This electrode is hollow and is used to inject gas
at the jet centerline. Additionally, there is a co-flow in the annulus between the electrode and glass tube.

The bottom (ground) electrode has a versatile design that facilitates quick exchange of different materials
or surface structures that could be exposed to the plasma. Although the present study focuses on
demonstrating 2D imaging of methyl in a plasma with an inert surface, this same apparatus could be used
for studying methyl in the near-surface region of a heated catalyst to provide insights into kinetics of
plasma-assisted catalysis, such as methane coupling. The electrode assembly consists of a stack of disks
and caps, starting with the 25.4 mm OD button heater (HeatWave Labs, 101275-27), depicted
schematically in figure 2 (center). The heater has a resistive heating element encapsulated in alumina,
allowing operation up to 1200 K even in high pressure oxidative environments, although the temperatures
used in the present experiments did not exceed 500 K. The heater is covered with a 30.5 mm OD steel cap
that acts as a grounded electrode. A thermocouple is sandwiched between heater and steel cap to measure
the approximate surface temperature. A 35.6 mm OD machinable ceramic (Macor) cap is placed on top of
the steel ground electrode to act as a dielectric barrier. The Macor cap has a 1 mm high rim that is used to
retain 25.4 mm OD, 3 mm thick disks of either inert or catalytic materials. A fused silica disk was used as
an inert reference material in the present experiments.

For the plasma jet configuration, the Macor cap is omitted and the fused silica or catalyst disk is placed
directly on the steel cap (figure 2, right). In this case, a steel cap with a 1 mm recession is used to retain
the disk. This disk is the only dielectric barrier on the ground electrode, leaving a rim of exposed metal
that helps to guide the plasma radially outward over the surface.

The PF-LIF diagnostic involves sequential pulsing of spatially overlapped laser sheets for photo-
fragmentation and LIF-excitation, shown schematically in figure 3. The photo-fragmentation is produced
by the fifth harmonic of a pulsed Nd:YAG laser (A=212.8 nm). The LIF excitation near 390 nm is



produced by sum frequency mixing the output of a Nd:Y AG-pumped tunable Rhodamine 640 dye laser at
616 nm with the residual fundamental of the Nd:YAG laser at 1064 nm. The 212.8 nm and 390 nm beams
are combined on a dielectric mirror with high reflectivity at 212.8 nm and good transmission (>90%) at
390 nm. Both beams pass through a +500 mm cylindrical lens to form a laser sheet, which is focused at
the center of the discharge cell.
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Figure 3: Optical layout for photo-fragmentation LIF imaging (six-arm cell not shown)
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Three different fluorescence detection systems are configured on opposing arms of the quartz cell to
measure the PF-LIF spectrum, temporal evolution, and 2D spatial distribution. In one arm, fluorescence is
focused onto a Y4-m Czerny-Turner spectrometer, which is used to measure the fluorescence spectrum.
Alternatively, by engaging a flipping mirror, the fluorescence can be steered into a photomultiplier tube
(PMT) to record decay traces of the spatially averaged fluorescence. A 430 nm bandpass filter

(AA=10 nm) spectrally isolates the CH fluorescence and blocks the laser wavelengths. On the opposing
arm of the cell, the 2D distribution of the fluorescence signal is imaged by a gated ICCD camera (Andor
iStar, DH334T 18F-63) using a similar bandpass filter. The projected pixel size for the images is 30
um/px.

For absolute calibration, methyl is produced from photo-dissociation of acetone using a 266 nm laser
sheet from the fourth harmonic of a pulsed Nd:YAG laser (10 ns pulse width, 10 Hz rep rate). The

266 nm beam is combined with the 212.8 nm and 390 nm beams by passing it through the respective
steering mirrors. The 266 nm beam is formed into a 220 pm wide collimated laser sheet with a
homogenous intensity profile using a combination of a cylindrical telescope and the final shared

+500 mm cylindrical lens (see absolute calibration). Acetone vapor is introduced into the cell by flowing
inert gas through a bubbler filled with liquid acetone. The inert gas is either He, N», or CO», depending on
the gas mixture used in the experiments. The bubbler is connected to the gas distribution system via a
needle valve, which is adjusted to regulate the pressure in the bubbler between 500-600 Torr. The
pressure in the bubbler is monitored by a capacitance manometer, and the bubbler is placed in a 293K
temperature-controlled water bath.



Timings of the pulser, lasers, and camera, are controlled by a set of digital delay generators. The high-
voltage pulser outputs a 50 kHz, 50-pulse burst of approximately 19 kV pulses with a total duration of

1 ms, and the bursts are repeated at 10 Hz. The delay between pulsing of the 212.8 nm and 390 nm laser
beams is varied between 5-30 ns to optimize the PF-LIF signal. The intensified camera gate of 100-300 ns
captures the PF-LIF fluorescence and brackets the timing of the two laser pulses. During calibration, the
266 nm laser fires 1 ps before the 212.8 nm laser pulse to eliminate interference from scattering or LIF
induced by the 266 nm beam. During this time, the methyl concentration does not appreciably decrease.

The three laser sheets (A=266 nm, 212.8 nm, and 390 nm) are aligned using a combination of beam-
profiler and PF-LIF measurements. A removable fused silica wedge is used for sampling the beams into a
beam profiling camera. The profiling camera is positioned at the 212.8 nm beam waist, ensuring it records
the same beam profile that is present in the center of the discharge cell. The 390nm sheet is slightly
defocused to increase overlap with the 212.8 nm sheet and reduce the effect of beam walk-off on the
signal intensity. Overlap of all the laser sheets is optimized by flowing acetone vapor through the
discharge cell and aligning the laser beams to maximize the PF-LIF signal.

3. Absolute Calibration
3.1 Methyl production

Absolute calibration of the PF-LIF signal is achieved by producing a known mole fraction of methyl via
photo-dissociation of acetone. The dominant pathway for acetone photo-dissociation at 266 nm produces
ground-state methyl and excited-state CH; CO fragments:

(CH3),CO + hv = CH3 + CH3CO” R1
The CH3CO fragment carries a large fraction of the excess energy [Lee2017]. For dissociation at higher
photon energies, this can result in decomposition of the CH;CO fragment and production of a second
methyl radical [North1995]:

CH3;CO* — CH3 + CO, R2
However, for excitation at 266 nm, the energy in the CH;CO* fragment is insufficient for the second
dissociation step (R2), resulting in a single methyl radical per photo-dissociation reaction (R1). The laser-
produced methyl mole fraction x¢y, is then given by:

XCH, (?: T) = XaceMexc (?; T)YCH3» Eq1l

where x,.. is the acetone mole fraction, 7., is the fraction of acetone molecules excited by the laser,
and Yy, = 0.93 is the methyl yield by photo-dissociation of acetone [Khamaganov2007]. To calculate
the acetone mole fraction, it is assumed that the flow through the acetone bubbler is saturated with
acetone. The pressure at the exit of the bubbler is monitored, and the mole fraction is the ratio of the
vapor pressure over the measured total pressure. The acetone vapor pressure is a function of temperature
and is calculated through Antoine’s equation using coefficients from NIST [Ambrose1974]. The value of
Nexc 18 also a function of temperature, as well as position, and is given by:

. F(#)a(T) Eq2

Nexc (™, T) = T;

where F (7) is the 266 nm laser fluence, a(T) is the absorption cross-section of acetone, and hv is the

photon energy. The temperature dependent cross-section is taken from Thurber et al., with a value of
4.4-10%° cm? at 296 K and an uncertainty of 2-3% [Thurber1998].



Figure 4: Determination of laser fluence. A beam profiling camera is used to determine the normalized beam profile
along the X-axis. Acetone LIF is used for determining the YZ-profile.

To calibrate the PF-LIF signals, the methyl concentration must be determined at the positions where the
combined PF-LIF beams (212.8 nm and 390 nm) overlap with the 266 nm acetone photolysis beam. This
procedure involves two steps. First, the spatial variations in the fluence of the photolysis laser sheet are
measured. The in-plane (Y-Z axes) and out-of-plane (X-axis) profiles of the photolysis laser sheet are
determined by combining beam-profiling camera measurements and acetone LIF imaging, as depicted
schematically in figure 4. For the acetone LIF imaging, the 266 nm laser sheet propagates through the
cell filled with a uniform acetone distribution at room temperature, and the resulting LIF signal is
detected on the ICCD camera. The combination of these measurements enables registration of the 3D
beam profile on the PF-LIF imaging camera. To improve the 266 nm beam profile, a smooth rectangular
part of the beam is selected by cropping the beam with a vertical knife edge. A second, horizontal knife
edge (figure 3) vertically copped the beam to reduce scattering along the top and bottom surfaces of the
discharge cell.

For the second step of the calibration procedure, the overlapping PF-LIF laser sheets are centered on the
photolysis laser sheet, and PF-LIF signals are measured with the heater activated such that the spatial
variation in temperature within the cell is identical to that used for the plasma measurements. The
photolysis laser sheet was significantly wider (along the X-axis in figure 4) than the other two laser sheets
such that the photolysis fluence was approximately uniform in the region of overlap. For the methyl
calibration, the cell is filled with a known acetone concentration, and the calibration PF-LIF signal (S¢%)



is recorded. The methyl mole fractions in the plasma measurements xgllgsma are then determined from the

ratio of the PF-LIF images in the plasma SP!4$™@ and calibration S, as given by:
l
plasma __ Sp asma cal Eq 3
CH3 — geal XCHj

This calibration approach directly yields the methyl mole fraction because the PF-LIF signal ratio
accounts for spatial variations in the total number density that result from variations in the gas
temperature between the two electrodes, which are produced by the heating of the bottom electrode. The
variation in total number density in the calibrations is identical to that of the plasma experiments,
provided that the plasma does not significantly heat up the mixture, which is confirmed to be the case by
coupled energy measurements (see section 4.1). Methyl number density profiles can be obtained by
multiplying Eq. 3 by the total number density, obtained by measuring the temperature profile and
applying the ideal gas law.

3.2 Temperature correction

When the heater is activated, the inhomogeneous temperature profile in the gap between the electrodes
introduces a spatial dependence in the laser-produced methyl density due to the variations in the total
density and the temperature dependent absorption cross-section of acetone. To account for the absorption
cross-section variations, the temperature profile was determined by measuring the ratio of acetone LIF-
intensities at room- and elevated temperatures respectively. Using the relationship obtained by
[Thurber1998], the ratio of the acetone LIF intensities yields a direct measure of the temperature. The

Radial position (mm)

350 375 400 425 450 475 500 525 550
Temperature (K)

Figure 5 Temperature profile of the gas between electrodes as determined from acetone LIF measurements.

recorded signal was verified to be fluorescence and not phosphorescence, since addition of oxygen, which
rapidly quenches phosphorescence, did not appreciably decrease the signal.

We obtain the temperature profile depicted in figure 5 for a nominal electrode temperature of 473 K. The
temperature profile is uniform along most of the horizontal axis, with a gradient along the vertical axis
and the highest temperatures close to the heater. The temperature measured by LIF on the hot side
exceeds the temperatures of 473 K measured by the thermocouple, which may be attributed to poor



thermal contact of the thermocouple to the surface. The presence of a developing boundary layer is
clearly observed on the far-right side, which is expected given that the gas flows from right to left in the
figure. Some horizontal stripes are present, most visibly around a height of 5 mm, which are due to small
drifts in the laser sheet profile during the period between the acquisition of the acetone LIF images at
room temperature and with the heater activated. This temperature measurement is used to create a 2D
spatial map of the acetone absorption cross-section, which is used in Eq. 2 to determine the fraction of
acetone molecules that are dissociated at each position.

3.3 Quenching

To compare the PF-LIF intensities between calibration and experiment, we must consider the collisional
quenching rates of CH LIF in these two scenarios. For most LIF schemes in which the detected
fluorescence is produced by transitions directly from the laser-pumped electronic level, strategies to
correct for quenching include measuring fluorescence decay rates or calculating the quenching rates by
combining measurements or simulations of local species composition and temperature with knowledge of
quenching rate constants [ Tamural998].

In the B-A transfer scheme used in this work, quenching is not only affected by the A-X decay rate, but
also by the B-X and B-A transfer rates. In total, the quenching dynamics of this four-level system are
governed by seven quenching rates per collision partner. While detailed rate constants have been obtained
for some partners [Randall2000, Richmond2005], knowledge of rate constants for other molecules,
notably methane, is incomplete or not available in the literature. Moreover, plasma-produced radical
densities are unknown but may have a significant contribution to quenching.

We simplify the CH-LIF quenching correction by measuring LIF signals for the calibration and
experiment under the same quenching conditions. In addition to using identical temperature profiles, we
use a gas mixture that contains a sufficiently large fraction of a strong quencher, in this case methane, to
ensure that the quenching is dominated by this species and is not significantly influenced by minor
species, such as acetone that is seeded into the gas mixture during calibration or plasma-produced radicals
in the experiment.

The LIF signal is most sensitive to quenching when probing in the linear regime. To further reduce
sensitivity to differences in quenching, we operate in the saturated regime by using sufficiently high laser
intensities to strongly saturate the B-level. To confirm that the pumping rates of the B state were well
within the saturated regime, we performed an LIF energy dependence scan by varying the 390 nm pulse
energy with a half-wave plate-polarizer combination while keeping the plasma power and 212.8 nm laser
energy constant. Although saturated LIF schemes introduce additional complications such as variations in
the extent of saturation over the spatiotemporal profile of the laser beam, these issues are of lesser
importance for the current measurements because these saturation effects are incorporated into the
calibration procedure.

In an LIF-scheme involving only a single excited electronic level, the saturation-LIF signal is ideally
insensitive to quenching. In the B-A transfer scheme however, the saturated B-X transition only
eliminates sensitivity to quenching of the B state. A complete quenching correction would also require
accounting for B-A and A-X quenching rates. Quenching rates from the A-state could in principle be
obtained by fitting the A-X decay traces [Richmond2005], but the partner-dependent B-A quenching rates
would still be unknown when the local composition is unknown. This indicates that even when employing
saturation-LIF, one must still rely on the similarity between calibration and experiment quenching
environments to correctly account for quenching rates.



Measurements of the A-X fluorescence decay rate are used to determine the similarity of quenching
environments between the calibration and experiment. A photo-multiplier tube was used in combination
with a 430 nm bandpass filter (AA=10 nm) to record fluorescence decay traces from the overlapping A-X
(0,0) and A-X(1,1) bands. As mentioned above, the decay traces cannot be used directly to correct for
quenching in our B-A LIF scheme. It is assumed however, that the decay traces are a good measure for
how similar the quenching environments are between calibration and experiment, and whether quenching
is indeed dominated by methane.

The methane fraction in a CH4/N> mixture was varied while recording the PMT traces. Methyl was
produced either by a plasma discharge, or by photo-dissociation of acetone using the 266 nm laser. In
both cases, 0.8% of acetone (by volume) was present and only the 212.8 nm laser was used for excitation.
Since we are only interested in the A-X decay rates in this instance, we could measure the decay either
from PF-LIF signals produced by the two lasers, or by measuring fluorescence from electronically excited
CH(A) that is produced directly in the photo-fragmentation process (LPIF), by the 212.8 nm laser alone.
Since both processes involve decay from the A-state, both LPIF and PF-LIF schemes yield the same A-X
fluorescence decay traces. For the stronger quenching environments where quenching times can be on the
order of a few tens of ns, the presence of 390 nm scattering and broadband fluorescence of the surfaces in
the PF-LIF scheme interferes with the A-X decay traces, which complicates the retrieval of reliable decay
times. For this reason, LIF excitation by the 390 nm was omitted to produce cleaner fluorescence time
traces from excitation directly by the 212.8 nm laser. The issue of the 390 nm laser beam interfering with
the decay traces does not arise when acquiring the PF-LIF images, because scattering from the 390 nm
laser and fluorescence of the surfaces, which originates mostly from the side where the laser hits the
sample holder, is spatially separated from the PF-LIF signals in the discharge gap.

The resulting traces are shown in figure 6 for a 60 Torr plasma discharge seeded with acetone for a range
of methane mole fractions between 0 and 50% (left figure). Seeding acetone during the discharge
increases the methyl density, improving the signal-to-noise ratio of the decay traces. The oscillations in
the traces around 50 ns are likely the result of the instrumental response of the detection system. The
portion of the decay traces from 10-100 ns were fit to single-exponential decay curves, and the resulting
decay rates are plotted as function of the methane mole fraction in figure 6 (right figure). The decay rates
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Figure 6 (left). PMT time traces of A-X fluorescence decay for different methane mole fractions. Decay rates are obtained by
fitting the traces in the region with single-exponential decays (dashed lines). (right). CH-LIF decay rates as a function of
methane mole fraction in plasma (blue dots) and in calibration measurements using photodissociation of acetone (red dots).
The similarity of the decay rates indicates that quenching is comparable between the experiment and calibration.



with and without the plasma are in decent agreement, suggesting that quenching rates are similar for the
experiments and calibration. The slopes of the mole fraction dependent rates are 4.0-10 s™ and 4.6-107 s™*
for the plasma and laser-produced methyl, respectively. The 15% discrepancy between the two rates is
within the uncertainty of the measurements. The offset at 0% methane mole fraction with and without the
plasma is 2.6-10° s and 3.0-10° 5!, respectively, which is attributed to quenching by the 0.8% acetone.
For a mixture of 50% methane, the quenching rate is a factor of 8 larger than quenching purely by
acetone, demonstrating the overwhelming contribution of methane to the total quenching rate at the
conditions used in the plasma experiments.

4. Results and discussion

As a demonstration of scenarios that can be probed with the methyl diagnostic, we investigated methyl
profiles in the plasma aided oxidative coupling of methane. The PF-LIF diagnostic was used to study
methyl production in a nanosecond pulsed plasma in a plane-to-plane configuration to measure absolutely
calibrated profiles in a diffuse discharge by flowing a methane-carbon dioxide mixture, and uncalibrated
profiles in filamentary discharges by flowing a methane-oxygen mixture. The methyl profiles were
compared with profiles of formaldehyde, an important intermediate in the oxidative coupling reaction.
Finally, the methyl diagnostic was demonstrated in a plasma jet, where images of plasma emission, CH
LIF, and CH; PF-LIF were obtained.

4.1 Plane-to-plane geometry
The plane-to-plane geometry produces a
diffuse discharge by maintaining the cell

8
at 200 Torr and flowing a 50/50 CO, and 2 6 Z;
CH,4 mixture (by volume) at 2 slm. The 1 SR B
discharge burst has a 1 ms duration and g 22 ,,F
consists of 50 pulses at 19 kV and a g 5 > oauﬁz
repetition rate of 50 kHz. Current and 0 j 028
voltage traces of the HV pulse burst are = L [0t
displayed in figure 7. The relative phase 10 I L
between the voltage and current traces - ’ ” S T

was adjusted to overlap the peak of the
current with the peak of the voltage time
derivative. The product of current and
voltage traces was integrated to obtain the coupled energy per pulse in the burst, shown for the first pulse
in figure 7 in blue. The coupled energy of this first pulse was 0.66 mJ. Subsequent pulses had a higher
energy, with an average value of 1.1 mJ and a standard deviation of 0.1 mJ, which corresponds to 57.4 mJ
of total coupled energy for the entire pulse burst.

Figure 7: Voltage, current, and coupled energy traces of the first pulse in the burst.

An upper bound of the temperature increase due to the plasma pulse can be calculated by assuming that
all this energy goes into heating of the volume. If the plasma volume is assumed to be a cylinder of 10
mm height and 25.4 mm diameter, initially at 300 K, this is equivalent to an enthalpy change of 1.1
kJ/mol. Taking into consideration the heat capacities at constant pressure for CO, and CHa, this would
result in a temperature increase of 29 K. Close to the surface where the initial temperature is 500 K, the
coupled energy is 1.8 kJ/mol and the maximum temperature increase is 38 K.



A fused silica disk is placed on top of the Macor cap that covers the ground electrode and serves as a
dielectric barrier. The fused silica disk provides an inert surface that could be replaced by a disk of

catalytic material to investigate surface catalytic processes.

Single shot images of the plasma emission of individual
discharge pulses, filtered by the 430 nm bandpass filter, are
recorded during the pulse burst for different numbers of
pulses, shown in figure 8. Although the first pulse is
filamentary, all consecutive plasma pulses are diffuse and
reproducible. At room temperature, methyl production was
too low to achieve good signal-to-noise ratios of the PF-
LIF images. However, the methyl fraction increased
strongly with temperature, and a significant amount of
methyl could be produced by heating the surface to 473 K.
Heating the gas has the additional benefit of making the
discharge more diffuse.

Images of the absolute methyl mole fraction were recorded
at a range of time delays during and after the discharge
burst, shown in figure 9. The images are averaged over 250
shots, for a total acquisition time of 25 s per image. The
profiles were corrected for plasma emission, LPIF, and
CH-LIF emission, as described in more detail in appendix
Al, including a discussion on their relative intensities. The
bursts are repeated at 10 Hz synchronously with the lasers.
The time delays At are given with respect to the end of the
last pulse in the burst. There is some PF-LIF signal present
prior to the start of each pulse burst. However, it is unlikely
that this signal is the result of residual methyl from the
previous pulse burst because the 99 ms interval from the
end of the previous pulse is too long for the methyl to
survive. Instead, the origin of this signal appears to be from
a laser-induced process, such as photo-fragmentation of
CHa4 by the 212.8nm beam. To correct for this background,
the frame at At = -1 ms, which is 20 ps before the first
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Figure 8: Single shot emission images of individual pulses
during the discharge burst

pulse of the burst, was subtracted from all other frames. Figure 9 shows the resulting images after this

subtraction.

The images taken during the pulse burst are recorded 1 ps after the stated pulse number to minimize
interference from plasma emission. At pulse #1, the filamentary behavior seen in the corresponding
emission image of figure 8 is clearly mirrored in the measured methyl profile. Starting at pulse #2, methyl
encompasses 80-90% of the electrode width, again mirroring the emission, and the methyl profile at
subsequent times remains relatively flat. Because the methyl production rate is controlled by the electron
density and electric field distribution, this flat methyl profile indicates that the discharge itself is highly
uniform, even on a single-shot basis. The methyl mole fraction rapidly increase in the first 5-10 shots and

then increases only very slowly.
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Figure 9: Time sequence of images of methyl mole fraction in the plane-to-plane discharge geometry during the high-voltage pulse
burst (left column) and at different time delays after the pulse burst (middle and right columns). The white rectangle in Pulse# 50
designates the area of radial binning that is used to produce the plot in Figure 10. Dashed horizontal lines in the image at At =

100 us indicate the top and bottom bin used for the time evolutions in Figure 11.

After the burst, images were acquired at increasing
time intervals from 2ps to 1ms, depicted in the
center and right columns of figure 9. Horizontal
stripes in the mole fraction profiles are residual
inhomogeneities in the laser beam profiles that were | 5%
not accounted for by the beam profile corrections. In
Figure 10, the vertical cross-section of the mole
fraction profile of shot #50 is displayed, which is
averaged over a radial distance of 5 mm around the
centerline of the profile (r = 0 mm), highlighted by
the white rectangle in figure 9. The inhomogeneities
amount to +/- 15% of the average methyl mole
fraction. Temporal fluctuations were evaluated by
analyzing the data for shot #50 in five different 0
pulse bursts. The spatially averaged standard 0 1 2 3 4 5 6 7
deviation for these five resulting images was 6% of petant (mm)
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Figure 10: Vertical cross-section of the methyl mole fraction profile
. . as a function of height above the bottom electrode near the

The oYerall uI'lce.rte?lnty can be estimated by centerline (v = 0 mm) for shot #50. Spatial inhomogeneities due to
assessing the individual sources of uncertainty. The the residual laser profile variations are within +/-15% of the mean.
acetone absorption cross-section o(T) has a reported

uncertainty of 3% [Thurber1998]. Uncertainties in



the temperature profile don’t propagate significantly due to the relatively small temperature dependence
(the cross-section increases by only 13% over the range of 300 K to 500 K). The acetone mole fraction
Xqce 18 calculated by assuming a saturated mixture at the temperature and pressure of the bubbler. The
uncertainty in the bubbler temperature and pressure results in an estimated uncertainty of 5% in X4.. The
methyl yield in acetone photo-dissociation Yy, has a reported uncertainty of 10% [Khamaganov2007].
Any possible misalignment in overlap of the 213 nm and 390 nm beams does not contribute to the
systematic uncertainty because the overlap is the same in the experiment and the calibration. Variations in
the overlap of the 266 nm beam with the other two beams does contribute, because the calibration
procedure presumes that the methyl is probed at the peak 266 nm laser fluence along the out-of-plane axis
(X-axis). We estimate that this error should not exceed 10 %. As discussed earlier, we expect interference
of CH:> to be minimal, but we include a 10% error to account for this possible interference. Finally, a
difference in collisional quenching rates between experiment and calibration adds to the overall
uncertainty because the measured rates cannot be directly used to correct for spatiotemporal variations in
quenching effects (see discussion in section 3.3). For the current assessment, we assume that the
measured differences in A-X quenching rates are representative of the differences for all the relevant
quenching rates, including the B-X rates that cannot be quantified. This would suggest the difference in
quenching rates introduces an additional 15% uncertainty. Taking all these uncertainties into account by
summation in quadrature, we estimate an overall uncertainty in the methyl mole fraction of 24%.

The temporal decay of the methyl mole fraction following
the high-voltage pulse burst is evaluated by spatially
averaging the signals in figure 9 within two separate vertical
bins, depicted by dashed horizontal white lines. The decay
traces of the top and bottom bins, with an average
temperature of 429 K and 497 K respectively, are plotted as
function of time in figure 11. To facilitate a comparison of
the decay rates, the traces are normalized by the respective

Normalized CH3 Mole Fraction

mole fraction at the earliest time delay of 2 us. The
measured decays are compared with chemical kinetic
simulations that were performed using the Chemkin code
[Kee2007] to model the temporal decay of methyl in a |
homogeneous mixture of gases with the GRI-Mech 3.0 00 o8 e '8 20x10°
chemical kinetic mechanism [SmithGRI]. The initial
conditions for the simulation were set to the experimental ) | i ittt

.. . in top and bottom vertical bins (see dashed lines in figure
conditions with a pressure of 200 Torr, temperatures of 429 9) with average temperatures 429K and 497K
K and 497 K, and a 50/50 CH4+/CO; gas mixture. The initial respectively. Mole fractions are normalized to the value
methyl mole fraction at each temperature was set equal to at 2 ps delay. Dashed curves are calculated decays using
the average measurement within each bin. The measured and ~ Chemkin.
simulated methyl decays in figure 11 show that the decay
rates are nearly the same at these two temperatures. The
experiments show a rapid initial decay of the methyl that is significantly faster than the corresponding
predicted decays. This underprediction of the decay rates suggests that reactions of methyl with additional
plasma-produced species, such as radicals, play an important role but are not included in the Chemkin
calculations.

Figure 11: Time trace of normalized methyl mole fraction



4.2 Methyl & Formaldehyde

To obtain a more complete picture of plasma-enhanced methane chemistry, it is helpful to measure the
temporal and spatial evolution of other intermediate species in addition to methyl. One such intermediate,
formaldehyde, can be imaged by laser-induced fluorescence using the third harmonic of a Nd:YAG laser
(A=355 nm) to excite overlapping transitions in the 45 band of the A'A, « XA, system. Using the
combination of methyl PF-LIF and formaldehyde LIF techniques, we measured the temporal and spatial
evolution of both species in the plane-to-plane discharge. The same optical layout that was used for the
PF-LIF was also used to record formaldehyde LIF-images, with a 355 nm excitation laser replacing the
390 nm laser. The polarization of the 355 nm beam was orthogonal to that of the 390 nm beam, which
facilitated quick switching between the two laser beams using a polarizing beamsplitter cube (shown in
figure 3). For detection of formaldehyde LIF, the 430 nm bandpass filter was replaced by an eleven-band
bandpass filter that transmitted the formaldehyde LIF emission spectrum and blocked out-of-band
interferences. The formaldehyde LIF signal was normalized by performing a separate set of
measurements with the cell filled with a formaldehyde mixture that was supplied by bubbling the gas flow
through a temperature-controlled bubbler containing formalin, a solution of formaldehyde, methanol, and
water. Because the absolute formaldehyde concentration in the calibration mixture was not quantified,
this correction yields images that are proportional to the formaldehyde mole fraction.

Methyl

Formaldehyde (total) Formaldehyde (additional)

Pulse# 1
.0 (20 us)
5

Pulse# 2

£z 5.0 ELES)
2855
O e e et e e e —— s s s e et e et e e e e
Pulse# 5 Pulse# 5
= _ 5.0 JENS)] (100 us)
SE
£E25

Pulse# 10 Pulse# 10 Pulse# 10
PR-XE (200 us)
>

Pulse# 20 Pulse# 20

£z 5.0 JELLAVS) (400 us)
2E75 L)
0.0 -S— p—EREEEEEEEE T
Pulse# 50 ’ Pulse# SW Pulse# 50
£z EXOR (1 ms) " (1 ms) (1 ms)
2855 3

-15 -10 -5 10 15 -15 -10 -5 5 10 15 -15 -10 -5 0 5 10 15
Radial position (mm) Radial position (mm) Radial position (mm)

I ]
0 2 4 6 8 10 12 14 0.0 0.2 0.4 0.6 0.8 1.0
CH3 mole fraction (ppm) CH,0 mole fraction (a.u.)

Figure 12: Comparison of methyl mole fraction profiles and relative formaldehyde profiles (proportional to mole fraction)
during the 50-pulse burst.

We compared the temporal and spatial evolution of the production of methyl and formaldehyde in the
plasma at different times during a 50-pulse high-voltage burst. For these measurements, the fused silica
disk on the ground electrode was replaced by a vanadium oxide (V20s) disk that was heated to 473 K.
Vanadium oxide has been studied for its catalytic properties in thermal oxidative coupling reactions of
hydrocarbons without a plasma [Pak1997, Doebler2005, Feyel2007], but the effects of coupling V,0s
with a plasma have not been established. For the demonstration of methyl and formaldehyde



measurements, the flow rate in the cell was increased by adding helium to the CO./CH4 mixture (flow
rates: 2 slm CO,, 2 slm CHy, 1 slm He), which reduced the amount of residual formaldehyde produced by
the previous pulse burst. This increase in total flow compared to the results from section 4.1 results in a
stronger temperature gradient, and as a result less homogeneous mole fraction profiles.

The results of the methyl/formaldehyde comparison are shown in figure 12. Methyl images were
corrected for contributions from interfering processes (see appendix) and converted to mole fraction. The
methyl image sequence shows the methyl mole fraction increasing rapidly during the first five pulses,
followed by a slow increase up to pulse 50, as seen previously in figure 9. The initial formaldehyde
distribution is concentrated in the upper left half of the images (figure 12, center column), which is the
result of residual formaldehyde from the previous pulse burst being swept out by the incoming flow of
fresh reactants (flow is from right to left across the image plane). The formaldehyde mole fraction can be
seen to increase as the pulse burst progresses, but there is a significant delay between methyl and
formaldehyde production. This is easier to appreciate after subtracting the LIF signal from the residual
formaldehyde of the previous pulse burst, revealing only the newly produced formaldehyde, as shown in
the right column in figure 12. While significant methyl production is observed at 100 ps, significant
formaldehyde production is revealed only at 400 ps. The peak formaldehyde mole fraction is concentrated
on the upper right of the images near the right edge of the electrode, corresponding to a low temperature
zone that can be seen in figure 5, but is more pronounced in this case because of the higher flow rate.

The V,0s surface noticeably changed color from bright orange to dull black after the plasma impinged on
the heated surface for a couple of minutes. Flowing air at atmospheric pressure over the heated surface
appeared to regenerate the surface to its pristine form. It is not clear whether this discoloration
represented carbon deposition or reduction of the V,Os to the much darker VOa.



4.3 Methyl and formaldehyde in filamentary discharges

The methyl and formaldehyde profiles discussed in the previous section showed a relatively flat methyl
profile as a result of a diffuse plasma discharge. The 2D spatially resolved measurements provided by the
PF-LIF diagnostic make it ideally suited for investigation of discharges with large spatial gradients, such
as filamentary discharges. It is well known that plasmas in fuel-oxygen mixtures exhibit strong
filamentary behavior. We therefore demonstrate methyl and formaldehyde profiles in a filamentary
methane/oxygen plasma. We used the same high-voltage pulse settings as in the diffuse plasma but
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Figure 13: Methyl and formaldehyde imaging in a filamentary plasma, 2.5 sim CHy + 0.5 sim O, at 100 Torr at different
time delays after the high-voltage pulse burst. Top image shows the optical emission from the filamentary plasma during the
last pulse in the burst.

changed the gas flow and pressure to a 2.5 slm CHs / 0.5 slm O, mixture at 100 Torr without heating the
surface.

The results of the recorded emission, methyl, and formaldehyde profiles are presented in figure 13. The
methyl PF-LIF and formaldehyde LIF images show the evolution at different time delays following the
50-pulse plasma burst with all images acquired from separate discharge events. Due to the stochastic
nature of the filaments, images that originate from different discharge events cannot be directly compared.



Nonetheless, we can observe general trends in the intensity and pattern of the filaments. Additionally,
because the filaments are strongly inhomogeneous, we cannot correct for local variations in the collisional
quenching environment using the approach described for the diffuse plasma. As a result, the PF-LIF and
LIF images in figure 13 provide relative measurements that are corrected for variations in the laser beam
profiles using the ratios of experiment and calibration images but do not provide absolute number
densities.

The top image of figure 13 is a single-shot recording of emission from the last pulse in the burst (#50). It
clearly displays strong filaments of approximately 1 mm in diameter. The left and right columns depict
the methyl PF-LIF and formaldehyde LIF signal intensities, respectively. The (PF-)LIF signals are only
produced when a filament intersects the plane of the laser sheets, whereas the emission image captures
signal from filaments distributed over the entire volume of the plasma. To better compare the (PF-)LIF
images with the emission images, we therefore averaged 10 frames for both the methyl PF-LIF and
formaldehyde LIF.

The CH3 PF-LIF image at 2 pus shows that the initial methyl distribution in the filaments closely resembles
the optical emission of the discharge. We verified that there was no interference from plasma emission in
the PF-LIF images by checking that no signal was detected with the laser beams blocked. At the longer
timescale of 20 ps, the intensity of the methyl PF-LIF signal in the filaments decreases significantly. At
an even longer timescale of 200 ps, the methyl density decays to substantially lower values, comparable
to the signals observed for the same time delay in figure 9. At this timescale, the diameter of the methyl
profiles also appears to increase as a result of the methyl diffusing outwards.

The evolution of the formaldehyde profiles tracks the emission and methyl well at the 2 ps timescale,
although the diameters of the formaldehyde columns are significantly larger than those observed in the
emission and methyl PF-LIF images. Unlike methyl, formaldehyde does not rapidly decay within the 20-
200 s after the discharge because it is a stable species. At longer timescales of 2-20 ms, the diameters of
the formaldehyde columns increase significantly due to diffusion, forming an almost completely diffuse
distribution at 20 ms. In principle, this diffuse formaldehyde could survive until the following pulse burst
starts at a time delay of 99 ms. However, the lack of any significant background level of formaldehyde
LIF signal at 2us after the pulse burst suggests that any residual formaldehyde from the previous pulse is
destroyed in the plasma discharge before new formaldehyde is produced in the filaments.

4.4 Plasma Jet

The plasma jet provides another example of a discharge that produces strongly inhomogeneous profiles.
Plasma jets are of interest for many applications that involve carbonaceous species, including CO»
reforming of methane [Li2010], plasma assisted combustion [Kim2008], methane plasma decomposition
Sanchez-Gonzalez2007], diamond film synthesis [Ohtake1990], and carbon nanotube production
[Choi2006]. Imaging diagnostics in methane plasma jets have so far been limited to LIF imaging of CH
[Kim2008] and OH [Iseni2014] radicals, and of tracer molecules such as acetone [Elliot2021]. In this
work, we show the first application of a PF-LIF diagnostic for imaging of methyl in a methane plasma jet.

The jet configuration described in the experimental section was operated at 60 Torr with a 2 slm pure He
center flow and a 1 sim CH4 co-flow, using a nominal 12 kV discharge burst of 5 pulses at 50 kHz. The
plasma jet impinges on an unheated fused silica surface, where it is guided to the grounded steel rim
surrounding the disk. Figure 14(a) shows the optical emission of the jet that was detected through the
430 nm bandpass filter and recorded 10 ps after the last high-voltage pulse. The emission profile is
confined to the central region of the jet where helium is injected through the hole in the high-voltage
electrode.



An advantage of the PF-LIF diagnostic
technique is that the distribution of the
native CH radicals produced in the
plasma can be readily obtained by
acquiring CH-LIF images while the
photo-fragmentation laser is blocked.
Figure 14(b) displays the CH-LIF
profile in the plasma jet, which is the
difference of the images acquired with
and without the 390 nm laser excitation.
Note that this CH-LIF image was not
corrected for the 390 nm laser profile.
As a result, the distribution of CH 1is
likely underestimated at the top and
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of the signals from emission, CH, and
CH3, we combined these three images
into a single composite image by using each of the images as one of the color channels of figure 14(d),
with Red = emission, Green = CH LIF, Blue = CH;3 PF-LIF. The figure shows a clear progression of
plasma in the pure helium core, CH produced in the mixing layer of the methane and helium, and methyl
being formed at the edge closest to the methane and the dielectric surface. Methyl is also produced along
the entire surface (figure 14(c)), which is beneficial for future studies of methyl surface reactions.

Due to the two separate flows of He and CH4, the composition has significant spatial variations near the
mixing interface of the central jet and co-flow. This variation results in a position-dependent fluorescence
yield, which complicates the interpretation of PF-LIF signals using the presented calibration scheme. In
principle, the varying yield could be accounted for by seeding both flows with the same mole fraction of
acetone during the calibration procedure, which would nominally result in the same methyl density being
produced by photo-dissociation everywhere in the flow such that variations in yield would be reflected by
differences in fluorescence intensity. This procedure would be valid if the plasma didn’t significantly alter
the local quenching environment. However, unlike the plane-to-plane experiments, the plasma jet is not
entirely dominated by methane quenching and thus could be quite sensitive to quenching variations due to
plasma-produced radicals, particularly near the jet centerline where the flow is almost pure He. For this
reason, the PF-LIF measurements in the plasma jet are only corrected for laser beam profile variations
and are not calibrated with quenching corrections. Nevertheless, these results can give useful information
on the distribution of CH and CH3 radicals.



5. Conclusions

We have demonstrated the feasibility of photo-fragmentation laser induced fluorescence for 2D imaging
of absolute methyl densities in a nanosecond pulse plasma in the plane-to-plane configuration. In
addition, we showed experiments that demonstrate the applicability of qualitative imaging in a
filamentary discharge and in a plasma jet. By directly comparing the methyl images with that of other
intermediates such as formaldehyde, deeper insights into the governing kinetics can be obtained. By
employing a non-resonant detection scheme based on excitation to the B state and EET to the A state of
CH, profiles could be recorded within approximately 100 um of the surface. Our electrode configuration
allows for ample optical access while maintaining direct contact of the plasma to a heated inert or
catalytic surface.

This work describes for the first time a procedure for absolute calibration of a PF-LIF diagnostic for
methyl detection. Methyl was produced in-situ through photo-dissociation of acetone by a third
overlapping laser sheet. Temperature profiles for the calibration were obtained by recording acetone LIF
and taking the ratio of signals at room- and elevated temperature. The calibration procedure relies on the
ability to replicate the experimental conditions in a calibration measurement where the plasma is absent.
This procedure is suitable for cases in which the plasma does not significantly perturb the conditions by
either removing the dominant quencher or by significantly heating up the gas. This calibration scheme is
compatible with the conditions of the diffuse plane-to-plane plasma, but other calibration approaches are
possible. Furthermore, by choosing a different combination of excited and detected transitions of the CH-
LIF it could be possible to actively correct for quenching, eliminating the need to rely on the similarity
between calibration and experiment. For example, excitation in the B-X(1,0) band and detection in the
overlapping B-X(1,1) and B-X(0,0) bands is a possibility [Dilecce2010-2]. It would offer a non-resonant
scheme with an off-diagonal component that still has decent intensity. Because this scheme doesn’t
involve EET to the A-state, it affords the possibility of using direct measurements of the LIF decay times
to determine the fluorescence yield at every pixel and correct for spatial variations in quenching rates.
Moreover, saturation of the LIF transition would minimize the sensitivity of the fluorescence intensity to
variations in quenching rates resulting from changes in the composition or temperature.
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Appendix

Al: Profile correction

The raw PF-LIF images may contain interferences from plasma emission and LIF from CH that is
naturally present in the plasma. Corrections are performed to subtract these signals from the images so
that only the methyl PF-LIF signal remains. In the experiments, images were taken with all combinations
of 212.8 nm and 390 nm lasers ON and OFF, resulting in a total of four images that were recorded for
each point in parameter space. The labels “ON” and “OFF” are used here as shorthand notation for
“unshuttered” and “shuttered” respectively. Figure Al depicts the different images recorded during the
experiment with a time delay of lus after the last pulse in the burst. In this discussion, we will refer to the
image in row i and column j of the figure as being at index (7,f). For example, the image with 390 nm OFF
and 212.8 nm ON is at index (2,1). Images in the two top-most rows and two left-most columns are raw
images with only the dark current subtracted. The raw PF-LIF image is at index (1,1). As can be seen, the
main source of interference is the signal with the 212.8 nm laser ON and the 390 nm laser OFF, at index
(2,1). Because the signal appears strongly peaked in the center of the image, which coincides with the
focus of the 212.8 nm laser, this interference appears to come from a non-linear process. Interference
from LIF of native CH (390 nm ON, 212.8 nm OFF) and the plasma emission (390 nm OFF, 212.8 nm
OFF) contributed significantly less to the total signal. It also demonstrates the increased signal level due
to the LIF laser, which was a factor of 3-4 times in this case.

Images in row 3 are obtained by subtracting images with 390 nm OFF from 390 nm ON, whereas images
in column 3 are obtained by subtracting images with 212.8 nm OFF from 390 nm ON. The resulting
images show the isolated effect of the 390nm laser, index (3,2), and 212.8nm laser, index (2,3)
respectively. To obtain the interference corrected PF-LIF image in the plasma, SP!4™@ in Eq. 3, the
corrections must account for laser generated interference and plasma emission. This correction is obtained
by following the 390nm subtraction (row 3) with the 212.8 nm subtraction (column 3) and is shown at
index (3,3). The final signal at (3,3) is around 75,000 counts, which is a little under half of the 160,000
counts of the raw PF-LIF image at (1,1).

The interference corrected PF-LIF image in the calibration mixture, S in Eq. 3, is obtained in a similar
way but with the addition of a third laser at 266 nm that photo-dissociates acetone to produce methyl. In
principle, this correction would involve acquisition of eight images with each combination of lasers
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Figure Al: PF-LIF image corrections for methyl measurements in the plane-to-plane plasma, the interference corrected
plasma PF-LIF image, SP'*™ (Eq. 3), is displayed in the bottom right corner.



blocked and unblocked, but the signal intensities in some of these images are negligible and can be
omitted. Specifically, when the 212.8 nm is OFF, no combination of the 266 nm and 390 nm lasers ON or
OFF produces images with significant signal levels, so during calibration the 212.8 nm laser remains ON.
The images used for calibration are shown in figure A2. The raw PF-LIF signal is depicted at index (1,1),
with all three lasers ON. As observed in the plasma, the main source of interference is the signal with the
212.8 nm laser ON and the 390 nm laser OFF, at index (2,1). Even with the 266 nm beam OFF, at index
(1,2), there is a non-negligible PF-LIF signal. This is likely PF-LIF of methyl produced by photolysis of
acetone or methane by the 212.8 nm laser. The interference corrected calibration PF-LIF image is shown
at index (3,3).

Finally, the mole fraction is determined by calculating the ratio of the interference corrected images in the
plasma and the calibration, SP!45™@ (figure A1(3,3)) and S (figure A2(3,3)) respectively, and

multiplying by the methyl profile in the calibration, ng,ls, obtained from Eq. 1.
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Figure A2: PF-LIF image corrections for methyl measurements in the calibration, the interference corrected calibration PF-LIF
image, S (Eq. 3), is displayed in the bottom right corner.



