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In this paper, we report a molecular beam mass spectrometer study of a time-modulated RF
driven atmospheric pressure plasma jet in Ar+1% O. Time-resolved measurements of the
absolute density of O3 during the RF modulation period revealed temporal increases of O3
densities at the start and end of the power modulation. This increase correlates with the increase
in Oz due to plasma-induced transient-vortices in the gas jet. Pseudo-1D plug flow modelling of
the axial species densities as a function of distance match well with the experimentally recorded
trends. The obtained results were used to assess the importance of the O flux in previously

reported CIO™ production in saline by the same plasma jet.

1 Introduction

Cold atmospheric pressure plasmas jets (CAPPJs) produce a chemical-rich gaseous environment
containing reactive species including ions and excited states of atoms and molecules. This is

enabled by energetic electrons with energies above 1 eV while the gas temperature is maintained
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close to room temperature. The high reactivity at low gas temperatures is beneficial for a variety
of heat-sensitive medical applications including wound healing,!!! treatment of dental diseases,*!
and cancer treatment.*! These plasma-medical applications require the plasma source to be safe
for treating patients. Significant effort has been dedicated to minimizing current (to avoid electric

shocks), heat flux (to keep target temperature below 40°C) and limit UV fluence,* although less

work has been devoted to assessing the flux of the large amount of possible different reactive
species to a target surface.

Low-temperature atmospheric pressure plasma can also be applied for the conversion of
chemicals particularly when exploring promising plasma-catalysis synergy effects.’! Indeed, a
combination of plasma with catalysis has been found to lead to a higher conversion efficiency
than the cumulative effect of catalysis and plasma conversion separately. The underlying
mechanisms responsible for these highly beneficial synergistic effects are, to date, not
understood and are typically suggested to be due to the enhancement of a catalytic activity by
plasma-produced reactive species.!” As is the case with biomedical applications, detailed
measurements of species fluxes to catalytic surfaces are currently lacking.

The further advancement of medical applications and plasma catalysis requires us to establish a
link between the plasma operating conditions and the produced gas-phase species fluxes that
reach the biological samples or catalytic surfaces and enable the beneficial action of the plasma.
This requires the quantitative characterization of the plasma-produced reactive species fluxes
which can be achieved by molecular beam mass spectrometry (MBMS). MBMS is very suitable
to measure reactive species impinging on a target surface because the plasma jet can be placed
perpendicular to the sampling plate of MBMS allowing for scanning of the spatial profile of the

species fluxes. Laser diagnostic methods such as laser-induced fluorescence (LIF) or two-



photon absorption LIF (TaLIF) are similarly powerful in the detection of reactive species.
However, the measurement of absolute species densities can be very challenging by LIF or
TaLIF at the substrate surface due to the vignetting and scattering of the laser beam near the
substrate. In addition, TaLIF of O with nanosecond pulsed lasers for conditions with strongly
varying gas composition is challenging as it is impossible to correct for variations in quenching
of the excited state due to its sub-nanosecond lifetime without additional independent
measurement.

Previous research work has shown that reactive oxygen and nitrogen species generated by the
CAPPJs are the main factor which is enabling the biological impact of plasma.”l Recent work in
our lab found that OH and CIO" generation in solution correlates with bacterial inactivation.'®!
The formation of C1O™ in the liquid phase was attributed to the reaction of plasma-produced O
with CI in the saline solution. Two-photon absorption laser-induced fluorescence (TaLIF)
measurements of O on similar CAPPJs showed that the O density as a function of axial distance
drops very fast.”’11% This decrease in O seems to be on a similar length scale as the distance-
dependent effects observed in the bacterial inactivation study. The assessment of reactive species
involved in bacterial inactivation was performed in the liquid phase by scavenger
measurements.®! This indirect method was capable of finding correlations between the presence
of reactive species with bacterial inactivation but does not provide a quantitative analysis of the
related species concentration or fluxes which induce the reactivity.

Ozone (O3) has a strong oxidizing property and can be widely used in many medical fields.!!!113]
A large amount of research has been devoted to the quantitative measurement of O3 production

using optical diagnostic techniques for different plasma sources.!'*I"!"¥/ Nonetheless, as Os is

measured by absorption, the recirculating flow in the presence of a jet impinging on a target



significantly complicates spatially resolved density measurements for CAPPJs. Zhang et al.
reported spatially resolved ozone densities in the same time-modulated RF driven atmospheric
pressure plasma jet as used in this study.['”) The production and destruction of O3 were
investigated through experimental measurements and the results from a pseudo-1D plug flow
model. This showed that the depletion of O3 in the core of the plasma was due to the large atomic
oxygen density. The good quantitative agreement between the experimental and modelling
results for the ozone density validated the pseudo-1D plug flow model approach for plasma jets
and offered insights in the densities of a large number of additional species. This approach was
shown to be very suitable for studying non-thermal plasma jets with complex reaction sets in
open air for biological applications. The experiments performed by Zhang et al.,['”) like the
majority of the reported work, were for free jets without substrate. However, most of the
biological applications have the jet impinging on a substrate such as a liquid or a biological
sample. The gas flow structures of free jets and substrate-impinging jets are very different,?* and
one cannot directly extrapolate the species densities measured in free jets to assess species fluxes
incident on the substrates.

Both O and Os are also important in the context of plasma catalysis applied for, for example, the
partial oxidation of methane. The production of O and O3 fluxes incident on catalysts could
possibly be responsible for the observed synergistic effects between plasma and catalysis.®!
Detailed knowledge of absolute densities of O and O3 at the catalytic substrate is thus very
valuable for studying the underlying mechanisms of plasma catalysis.

The goal of this work is to measure the concentrations of O, O3 and the air in the effluent of a
time-modulated RF driven plasma jet in open air at the position of the substrate using MBMS.

Time-resolved measurements of atomic oxygen, molecular oxygen and ozone during the



modulated period are also shown to illustrate the effect of flow disturbance by the plasma on the
production of ozone. A pseudo-1D plug flow model as in literature!'* will be used to assess the
trends of O and O3 densities as a function of distance for substrate-impinging plasma jets. A
major effort of the paper is on the accurate calibration of the MBMS particularly taking into
account the effect of the change in gas composition in the jet on the MBMS measurement. The
measured O flux is also linked with C1O™ formation in a saline solution to quantitatively show
that the proposed mechanism, O+CI'—ClQO', is consistent with the estimated plasma-produced O

flux to the liquid.
2 Experimental setup and measurement methods

2.1 Plasma source

The plasma jet used in this work consisted of a tungsten needle electrode (d= 1 mm) with a sharp
tip inside a cylindrical quartz tube. The inner diameter of the quartz tube was 1.8 mm and the
outer diameter was 3 mm. A copper ring acting as the ground electrode was positioned outside
the quartz tube at a distance of 1 mm from the nozzle. The electrodes were held in a plastic
enclosure of diameter 25.4 mm. The plasma jet was driven by applying a radio frequency
sinusoidal wave at a frequency of 12.6 MHz and duty cycle modulation of 50% at 50 Hz such
that the plasma ON and plasma OFF times were 10 ms each. The RF high voltage waveform was
generated by a function generator (Tektronix AFG2021) and amplified by an RF power amplifier
(Amplifier Research 750A250A). The amplifier was matched to the plasma jet by a homemade
matching box consisting of an inductor. A more detailed description of the plasma source can be

found in the previous work.!*!) The average dissipated power in the plasma was 7.6 +0.15 W and
the plasma-on power was 15.2 £0.3 W. This power was obtained by multiplying the measured

current and voltage waveforms as described in detail elsewhere.??! For all the measurements in



this work, Ar+1% O was fed through the quartz tube at a total flow rate of 1.5 standard liter per
minute (slm) controlled by two mass flow controllers (MKS GE50A). The temperature and
relative humidity of the ambient air in the laboratory during the experiments were about 21.5 €

and 47% respectively.
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Figure 1. Schematic of the MBMS system.

2.2 Molecular beam mass spectrometer (MBMS)

Figure 1 shows a schematic representation of the MBMS system used in this study. The
reduction by 9 orders of magnitude in pressure from atmospheric pressure to the pressure of the
chamber containing the quadrupole mass spectrometer SIM900ON (Hiden Analytical Limited),
was achieved through 3 different pressure stages separated by aligned skimmers and pumped
down by three turbomolecular pumps. The turbomolecular pump of the first stage was an ATH
1300 M Maglev Hybrid turbomolecular pump (Alcatel Vacuum Technology) with a pumping
speed of 1350 I/s, capable of dealing with the large inflow of gas from atmospheric pressure
through the 30 pm orifice. The turbomolecular pumps for the second and third stages were a

TMH 260 (Pfeiffer Vacuum) with the pumping speed of 210 1/s and a HiPace 300 (Pfeiffer



Vacuum) with the pumping speed of 260 I/s, respectively. The pressures of the three vacuum
stages were measured by the pressure gauges, a KJLC 2751 Pirani gauge for the higher pressure
stage and KJLC 354 Ion gauges for the other two stages. The inlet of the 2" and 3™ stage was
equipped with skimmers with a diameter of 0.9 mm and 1.5 mm respectively. During the
measurements, the pressure in the first stage was 1.5 mTorr. This pressure is low enough to
ensure that the supersonic gas flow entering the sampling orifice will go through a smooth
transition into a molecular flow region,?* without the formation of a Mach disc. The tip of the
first skimmer was placed 5 mm away from the sampling orifice, which is well inside the free
molecular flow region according to the quitting surface model.[2*+24]

The plasma jet was positioned horizontally in front of the sampling plate of the MBMS, as
shown in Figure 1. The source was mounted onto motorized x-y-z translation stages (MTS25-Z8,
Thorlabs) allowing for the positioning of the jet with respect to the sampling orifice with an
accuracy of 6 um. All the measurements presented in this work were recorded along the axis of
symmetry of the jet without having the plasma plume in direct contact with the sampling plate.

23 Species measurement

The operation of the mass spectrometer (MS) is based on manipulating the ion trajectories by
electric fields to differentiate ions with different mass-to-charge ratios. For the measurements of
neutral species, the neutral and radical species have to be ionized before entering the quadrupole
of the MS. The measurement of dominant stable species like Oz, O3 and N2 is relatively easy and
can be achieved by setting the ionizer with a standard ein situ O3 lectron energy of 70 eV.

The detection of the short-lived reactive species or radicals such as atomic oxygen being a
minority species in its parent gas Oz, can be more challenging. Electron impact ionization of
radical species can result in the same ionic species as the dissociative ionization of their parent

molecules which complicates radical detection by MS. However, the ionization potential of the



radical is usually much lower than the energy required to produce the same ion from the parent
molecule by dissociative electron impact. This can be used to our advantage to exclude the

contribution in the MS signal from the parent molecule. For example, O" can be formed from the

direct ionization of O radicals and the dissociative ionization of O> molecules:*!
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Figure 2. MS signal for O" (m/z=16) measured in the effluent of the jet (16 mm from the nozzle
exit) as a function of the electron energy for the plasma-on and plasma-off cases. The black
dashed line corresponds to the detection limit. Insert provides a threshold ionization mass
spectrometry measurement of Ar.
E: and E; are the threshold energies required for the respective ionization processes. In Figure 2,
the recorded MS signals for O (m/z=16) are shown as a function of the electron energy, for both
of the plasma-on and plasma-off cases. This approach is called threshold ionization mass
spectrometry (TIMS). The absolute electron energy scale of the ionization source was calibrated
by performing threshold ionization measurements of Ar and N> showing a shift of 0.4 eV in

electron energy. All the electron energies reported in this paper were corrected for this shift. In
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addition, the threshold ionization energy measurement of Ar was consistent with an electron
energy resolution of less than 0.2 eV of the ionizer.

For the plasma-off case, the MS should not detect any O signal when the electron energy was
below the threshold of dissociative ionization (18.0 eV) because the O radicals were only
expected to exist in the plasma-on case. However, as the plasma jet was operated in ambient air
with a complex gas composition, other gases with a lower dissociative energy might contribute
to this O background. It is also possible that thermal dissociation of Oz or other gases occurred
on the hot filament in the ionizer leading to the formation of O radicals subsequently detected by
the MS. Hence, the background signal (plasma off) needs to be subtracted from the total O"
signal of the plasma-on case to differentiate between the O" coming from the plasma-produced O
radical and the O" originating from other sources. The electron energy for measuring atomic O
was set at 14.8 eV for all experiments reported in this paper.

2.3.1 Time-resolved MBMS measurements

In order to measure the species evolution during the modulation period of the plasma, or measure
the molecular beam signal and background, time-resolved measurements were performed with a
multichannel scaler (MCS) device. As it takes 1.3 ms for the gas molecules to cover the distance
of 1.6 cm between the nozzle and the MBMS sampling orifice at a flow rate of 1.5 slm, the
modulation frequency of the plasma was chosen to be 50 Hz. The obtained period of this
modulation cycle is an order of magnitude large than the gas residence time of the plasma jet,
and allowed for the convective removal of the plasma-produced species during each plasma
modulation cycle. Hence, there are no short-lived and reactive species present in the jet during
the plasma off period. This plasma modulation method, allows using the plasma off period as a

background signal for the measurement of reactive species. This approach differs from the direct
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modulation of the molecular beam as used in reference I'but has the potential advantage

that it does not lead to a potentially significant change in species densities in the ionizer induced

1321 This approach is valid when the gas temperature variation is

by modulation of the beam.
minimal so the plasma is not changing the gas density drastically as is the case for the far
effluent of the jet in this work. The MCS separately stored the signal counts of the MS in
different bins according to their arrival times. The number of the bins (channels) used in the
experiments was 200, corresponding to a time resolution of 0.1 ms. The MCS’s internal 40 MHz
clock is used to synchronize the trigger signal from the function generator with a jitter of
maximum 25 ns, allowing for the accumulation of the signals during multiple measurement
sweeps.

In this work, time-resolved measurements of different species (O, Oz and O3) with a time
resolution of 0.1 ms were performed using a multichannel scaler triggered by the TTL signal
from the function generator corresponding to the RF modulation cycle. The time-resolved
measurements were accumulated over 3000 cycles.

2.3.2 Time-of-flight (TOF) of ions in MBMS

There is a time delay between the trigger signal corresponding with the plasma modulation and
the moment when the plasma-produced species reach the detector due to the convection time of
species and the transit time in the MBMS. The total transport time of species consists of three
parts:

ttotal = tatm + tvac + TOF (1)

where fam 1s the convection time of species at atmospheric pressure from the plasma to the
MBMS sampling orifice; tac 1s the time required for the species inside the molecular beam to

travel from the sampling orifice to the entrance of the MS; and TOF is the time of flight of the
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ions through the MS. In order to analyze the time delay, it is particularly important to correct for
differences between species for TOF as we can assume that fam and #vac are in good
approximation species independent. TOF is a function of ion mass, the initial kinetic energy of
the ions, and the various electric potentials applied along the ion path in the mass spectrometer,

which can be written as:[*?!
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where dext, den, dmass, and dqet are the lengths of the extractor, energy filter, the mass filter and the
detector respectively and Vexi, and Vayn are the potentials applied to the extraction section and the
dynode. Vi is the transit energy, Kionis the initial ion energy and m is the ion mass. The

calculated averaged TOF for O", O2", Os"are 49 ps, 70 ps and 85 ps, respectively.
3 MBMS calibration

3.1 Absolute calibration of O

The absolute densities of the species can be obtained with a reference gas of a known absolute
density. This approach is straightforward for stable species (like O) as they can be directly
supplied as a calibration gas from a gas bottle. However, for short-lived radicals like O produced
by the plasma, this approach is not possible and another stable species ideally with the same
molecular mass needs to be used. We used methane having the same molecular mass as O
(m/z=16) for the absolute calibration of O and the absolute O density can be obtained using the

following equation:1**

CH,—CHT
_ So=ot gCHa=CHy 3)
flo = Men, ScH,—CHT o007
gy

11




where ncy, is the CHs density and S,_g+and Sgyy _¢yy+ are the recorded MS signals from

the measurement and calibration. The measured CHgy calibration signal contains
contributions of the molecular beam signal and the background gas in the ionizer. This

background can be several times larger than the contribution of the beam.[*°] SCHq_—}CHI in

Equation 3 refers to the beam contribution of the signal and not to the overall signal
including the background contribution. The ratio of the beam and total signal for the ionizer
in this work was determined to be around 0.25 by integrating a chopper in the MBMS
system. This is enabled by having the pressure stage containing the mass spectrometer
installed on a translation stage. The integration of the chopper led to a larger distance
between sampling orifice and mass spectrometer and a significant reduction in radical signal,
hence this approach was not used for radical measurement. The obtained beam-to-total

signal ratio was was multiplied with the total MS signals for stable species CH4 to obtain

Scu,—cut- Using the theoretical estimation of this ratio provided in the paper?® yields a

very similar value of 0.26 if we assume the molecular beam covers most of the area of the
center hole of the ionizer. The cross sections for the direct ionization of O and CH4used in
the calculation were 4.1x107® and 6.0x 107'® cm? respectively corresponding to an electron

energy of 14.8 eV .133}36]

The calibration measurements need to be performed for the same gas mixtures in order to keep
the sampling distortion due to the supersonic expansion in the first stage the same. Gas
temperature variations induced by the plasma can affect the gas density at the sampling orifice of
the MBMS and impact the MS signal. To minimize this effect, we do not present any data for d <
12 mm to ensure that the gas temperature variation is less than 100 K corresponding to gas

density variations of less than 30%. This is particularly required as the calibration data is
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obtained at room temperature. The gas mixture was prepared by mixing argon (1.5 slm) with
different amounts of CHas. The plasma jet is placed at a distance of approximately 0.85 mm
between the MBMS sampling orifice and nozzle to minimize air mixing. The results of the CH4
calibration is shown in Figure 3. The CH4 densities and the MS signals have a linear relationship

and a linear fit yields a calibration factor of (7.80+0.16)x 10" cm™/(counts/s).
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Figure 3. CH4 and O3 calibration curves obtained in the following gas mixtures: Ar and Ar+20%
air for CH4 and O3 respectively.

3.2 O3 calibration

O3 was calibrated with known O3 densities measured by UV absorption measurements as
previously reported.*”! An identical remote DBD plasma source!*®! was installed in front of the
MBMS system to provide a homogenous O3 source that was blown at a flow rate of 5 slm
towards the sampling orifice in a tube with a diameter of 5 cm to perform the absolute density
calibration. The UV absorption measurement was performed inside the tube at the position of the
sampling orifice to obtain the average absolute densities of O3 along the path of the UV light.

For Os; measurements, the background signal (plasma-off) is subtracted from the plasma-on
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signal for both the plasma and calibration measurements. However, the background for the 50 Hz
modulated plasma remains 17% above the gas only background as O3 relaxation in the
background gas of the ionizer takes ~20 ms to reach the Os-free background as measured by
beam modulation at 20 Hz. This small effect was additionally corrected for. The results of the O3
calibration are shown in Figure 3. A linear relationship between O3 densities and the MS signals

was found and a linear fit yields a calibration factor of (1.98+0.06)x10!! cm™/(counts/s).

3.3 Air fraction calibration

The calibration of air was performed by positioning the nozzle very close to the MBMS
sampling orifice using different Ar/air mixtures. The air fraction was determined using the M'S

signal for Ar and No:

Sn,/0.78

. |0 = e
Srat‘m[/o] 100 gszﬂ.?8+5A1-

“4)

where Sy, and 54, represent the detected signal of N2 (m/z=28) and Ar (m/z=40), respectively.

The calibration results are shown in Figure 4. A linear relationship between the Sratio and the air

fraction is found with a slope of 0.82.

14



T T T . : ‘ |
| Linear Fit
80 , . —
60 - —
g |
F 40 - —
S [%]=0.82 air [%]
20 4 —
0 | | ' / ' : ’ T r
0 20 40 s - 4

Air volume fraction [%]

Figure 4. Air volume fraction calibration curve using different Ar/air mixtures.

3.4 Correlations for the change in background gas composition

During the sampling process the distortion produced by the supersonic expansion due to, for
example, scattering of species with the background molecules or from surfaces, can affect the
number of the molecules/atoms reaching the MS. This transmission efficiency is background-
gas-dependent. Indeed, light molecules in a heavy background gas tend to have a larger radial
spread during the diverging expansion. All measurements of this work were performed in
ambient air and the background gas composition was different at different nozzle-substrate
distances due to the air entrainment in the Ar jet effluent, possibly impacting concentration
measurements. Hence, the influence of different ambient air concentrations in Ar on the
measured MS signals needs to be taken into consideration.

Figure 5 shows the recorded MS signals of a fixed CH4 density (1.65x10'¢ cm™) and Os density
(2.0x10"% cm™) as a function of the air fraction in Ar. The constant O3 densities were obtained
by adjusting the power of the DBD source at a specific Ar+air mixture used as the feed gas. The
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CH4" (m/z=16) signal is in good approximation independent of the air fraction when the air
mixing fraction is below 70%. For larger air fractions, the CH4" (m/z=16) signal increases as the
concentration of air increases. The MS signals for a given O3 concentration are more strongly
influenced by the background gas composition, having a 40% increase when the air fraction
increases from 60% to 75%. The maximum change in MS signal is almost a factor of 3 for the
measured range. The increase of air fraction decreases the mass of the background gas, making
O3 comparatively heavier than the background gas. Hence, the increase in MS signals of O3 with

increasing air fraction is due to the concentration of heavier species on the axis of symmetry of

the molecular beam.
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Figure 5. CH4 and O3 MS signal as a function of air fraction in Ar.
4 Pseudo-1D plug flow model

The pseudo-1D plug flow model used in this work was first reported by van Gaens and
Bogaerts.!*” This model has been successfully used to simulate free plasma jets.!!”H39-141 The
main purpose of the model in this work is to calculate the steady-state species densities near the

substrate as a function of the axial position of the substrate with respect to the jet nozzle. The
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plasma jet itself and the afterglow region can be in first approximation regarded as a long
cylinder with the assumptions that the axial transport of mass and energy is mainly due to
advection, and that the radial transport of species can be neglected. More details about the
pseudo-1D plug flow model can be found elsewhere.*”]

This method is extended to a jet impinging on a substrate in this work. However, unlike for free
jets, the flow patterns and the axial gas velocity distributions are different for the cases of
different nozzle-substrate distances. A 2D computational fluid model is used to calculate the
fluid flow for each distance between the plasma jet and substrate. The 0D reaction kinetic model
GLOBALKIN developed by the group of Kushner!*?! was used. The reaction sets for
Ar/N2/O2/H20 mixtures including 55 different species and 1890 reactions reported previously
was adopted in this work.*”) An example of the axial power density profile, gas temperature and
ambient air fraction used as input for the pseudo-1D plug flow model for a substrate distance of
22 mm is shown in Figure 6. The power density profile was adopted from the previous work
where the power deposition of the jet used in this work has been investigated in detail by
comparing model-predicted and measured O and NO densities in a free jet.!*!] The gas
temperature profile was taken from the experimental results.[!”!

MBMS is able to measure the air mixing fraction at the position of the substrate, but not the air
fraction distribution between the nozzle and substrate. A 2D k-¢ turbulent flow model with
species and thermal energy transports in Ansys Fluent was used to simulate the ambient gas
mixing in the flow. The Schmidt number in the simulation was adjusted to mimic the turbulence

induced by the plasma effect and match the simulated air fraction and the measured air fraction

at the substrate within 5%. Figure 6 shows the averaged air fraction variation in the flow when
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the nozzle-substrate distance was 22 mm and also includes the corresponding MBMS

measurement of the air fraction at the substrate.
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Figure 6. Input parameters of the pseudo-1D plug flow model as a function of the axial position
along the plasma jet axis for a nozzle-substrate distance of 22 mm. The air concentration
measured by MBMS (m) at a distance of 22 mm from the jet is also shown. The visible length of
the plasma jet is about 9 mm (indicated with a dashed gray line).

5 Linking MBMS results with plug flow model
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the axis of symmetry, b) Velocity difference distributions (Vaitr) obtained by subtracting the flow
field with and without orifice.

As discussed before, one of the advantages of MBMS is that it can directly measure the species
incident on the substrate. In practice, the sampling orifice affects the flow field and samples a
zone around the orifice, as illustrated in Figure 7(a). Before analyzing the data obtained by
MBMS, it is therefore necessary to assess the size of the suction region and determine the
methods for comparing the measurements with the pseudo-1D plug flow model.

At atmospheric pressure, the mean free path of gas molecules is around 68 nm, which is much
smaller than the sampling orifice (30 um). As the pressure difference across the orifice is much
larger than the critical pressure ratio,**! the velocity of the gas flow will reach the speed of the
sound at the inlet of the orifice. Hence, a 2D compressible fluid model from Ansys Fluent was
used to simulate the flow field and determine the suction region. Figure 7(a) shows the simulated
results with and without the orifice when the nozzle-substrate distance is 4 mm. The main
difference of the velocity along the axis of symmetry between the two cases is observed for the
region within 200 um from the substrate. Figure 7(b) shows the velocity profile difference
between the cases with and without the orifice. The flow field is mainly changed within 200 pm
from the sampling orifice. The gas residence time in the suction region is around 18 ps, which is
negligible compared with the jet flow residence time when the nozzle-substrate distance is within
the range of 14-22 mm (between 1-2 ms). Hence, in order to compare the reported modelling and
experimental results consistently, the modelling results at the substrate in this work represent the
densities 200 um away from the substrates, corresponding to the outer limit of the sampling
suction region of MBMS in the experiments, as shown in Figure 7(b). This suction region is not
affected by the nozzle-substrate distance and can be considered constant for all the conditions in

this work.
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6 Results and discussion

6.1 Time-resolved measurements of O, Oz and O3

Figure 8 shows the time-resolved measurements of O, Oz and O3 at a nozzle-substrate distance
of 16 mm and 22 mm. The calculated TOF delays between species are shorter than the time
resolution of 0.1 ms and have no influence on the data in Figure 8. The recorded O densities are
in the first-order constant during the plasma-on time. The O density quickly drops down to the
background level when the plasma is switched off. The measured decay time for O is about 0.5
ms both at 16 mm and 22 mm cases, matching the O decay times obtained by TaLIF
measurement in the same jet.’ The delay time between the plasma-on time and the increase of
the O density was much longer than previously obtained by TaLIF.”’) However, the TaLIF
measurements were performed at the axial position of 0.5 mm in the active plasma and the
measurements reported in Figure 8 were at 16 mm and 22 mm in the plasma effluent. In the latter
case, the O radicals need to be transported to the substrate and the delay is due to the convective
transport time of O from the active plasma to the substrate which is approximately 1.3 ms.

In addition, obvious increases in the Oz and O3 densities were observed. This was due to the
enhancement of the air mixing triggered by a transient vortex-induced when the plasma is

3] transient vortices were observed immediately

switched on and off. As previously reported,
after the plasma is switched on and off for power modulation at 50 Hz. The created transient
vortices then propagate along the jet and it takes about 1 ms for the vortex to reach a distance of
2 cm corresponding to the position of the substrate and the delay time for Oz in Figure 8. These
transient vortices enhance mixing of the surrounding air into the Ar jet effluent, resulting in a
temporal increase in the oxygen density. The two observed maxima in the O3 densities correlate

with the observed maxima in the O; densities. These maxima remain after correcting for the O

density due to the change in air concentration (see Figure 5) for d=16 mm but not for the case
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d=22 mm where the seemingly measured increase in the O3 density is due to a transient increase
in the air concentration. Os is mainly produced by the following reaction:*4
0+0,+M—03+M, (R3)

where M is a third body being O2, Ar or N». At a fixed O density, an increase in Oz density (R3)
will cause an increase in the production rate of O3, leading to a higher O3 density. Furthermore,
the decay time for the measured O3 density is consistent with the gas residence time of 1.3 ms.
The decay time for O» is however significantly longer than for Os. This increased relaxation time
up to 2-3 ms is consistent with the time necessary for the jet to go back to a more laminar steady-

state flow after the flow disturbance as observed by Schlieren measurements.*’!
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Figure 8. Time-resolved measurements of O, Oz and O3 for the duration of one RF modulation
cycle at a nozzle-substrate distance of (a) 16 mm and (b) 22 mm. The dashed line corresponds to
the corrected O3 densities after eliminating the effects of air concentration using the calibration
curve in Figure 5. The plasma is on from 0 to 10 ms.

6.2 0O, O3 and air concentrations as a function of distance

Figure 9 shows an overview of the time-averaged O and O; densities during the plasma-on time,
complemented with the average concentrations of air both for plasma-on and plasma-off. The
impact of air mixing during plasma-on becomes significant when the distance between the
plasma nozzle and the MBMS sampling orifice is larger than 18 mm. The O density gradually

decreases with increasing nozzle-orifice distance and the O3 density has the opposite trend.
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These trends illustrate that large densities of O cannot co-exist with O3 as it leads to the
dissociation of O3 by O:[!”]

0+03 —0;+0,. (R4)

In the region near the nozzle, O3 is mainly destroyed by the abundance of atomic oxygen; when
the atomic oxygen density decreases in the far effluent region, the O3z density starts to increase.
The atomic oxygen is converted into O3 through reaction (R3). Figure 9 also enables us to
estimate the detection limit of O and O3 which is 1.5%10'> cm™ and 3x10'* cm, respectively, for
the experimental conditions.

The measured O and Os densities are compared with the pseudo-1D plug flow model results and
the comparison is shown in Figure 10. The modelling results are radially averaged densities and
the experimental results are the time-averaged densities at the position of the suction region on
the axis of symmetry. The modelling results reproduce the experimental trends of O and O3
densities and a quantitative agreement with the experimental data is also found in the far effluent.
The particular large discrepancy between modeled and experimental O densities at <10 mm
could be due to the influence of the sampling plate on the discharge (visible plasma plume length
i1s = 9 mm). The sampling plate affects the plasma plume length when the tip of the plume is
nearly touching the surface, resulting in a change of electrical characteristics such as the plasma
impedance and power coupling and distribution.!*”! In addition, as at the closet distances the gas
temperature is larger, there could be an additional contribution of uncertainty in the measured O
density due to enhanced difference in temperature of background/calibration signal and plasma-
on signal. Nonetheless we did not report MBMS measurements for distances less than 12 mm to
minimize these effects. The discrepancy between modeled and experimental O densities also

gradually increase from 12 mm to 22 mm. This might be due to the overestimation of O2 mixing
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into the jet leading to a faster decay of O through formation of Os. The difference between the
absolute values of the O3 densities obtained by modelling and experiments might have three
origins. First, spatially resolved measurements of O3 densities in the free jet show that the Os
density on the axis of symmetry is lower than the off-axis O3 density up to 14 mm from the

1 This is consistent with a lower measured O3 concentration in the center of the jet

nozzle.
compared to the radially averaged density from the model. Secondly, the production of O3 is
strongly impacted by the O» concentration (and thus air concentration). The input air
concentration in the pseudo-1D plug flow model is calculated based on a turbulent model to
obtain agreement with the measured air concentration at the substrate. This might have led to an
overestimation of air and correspondingly an overproduction of Os in the region near the nozzle
where the flow is close to laminar.[**) Lastly, the discrepancy could have also been enhanced by
the presence of water vapor impurity in the feed gas. As an example the O3 density decreases by
25% if 100 ppm water vapor impurity is added to the feed gas in the model.

The O density at 22 mm in Figure 8(b), was measured in an Ar-air mixture with 75% air. O is
often measured by TaLIF and requires a measurement of the quenching rate of the excited state
O (3pP) to obtain absolute densities. At 22 mm, the quenching time is 80 ps which is

challenging to measure even by picosecond TaLIF with the current detector in use.[*®! This makes

MBMS an excellent alternative to TaLIF for such conditions.
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Figure 10. Comparison of O and O3 densities as a function of time obtained from the experiment
and the pseudo-1D plug flow model.

6.3  Comparison of O and O3 densities in a jet with and without substrate

Due to the lack of detailed species density measurements of jets impinging on a substrate, the
measured species densities in free plasma jets are often used to estimate species fluxes incident
upon substrates for applications. Figure 11 shows the densities of O and O3 and axial velocities
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as a function of the distance from the nozzle, for the same jet with and without substrate at 22
mm. All the input parameters of the model for these two cases were assumed to be the same
except for the axial velocity distribution in the flow and the air admixing fraction. The air density
in the free jet was obtained from the previous Raman scattering measurements.'*’! These two
cases allow us to assess the effects of both air admixing and changes in axial velocity distribution.
The averaged axial velocity of the free jet flow reduces closer to the nozzle compared to the jet
impinging on the substrate. This has a major effect on short-lived species such as O. The longer
residence time for the free jet flow makes it difficult for short-lived species to survive at a large
distance from the nozzle. This is consistent with previously reported TaLIF measurements in the
free jet.*! The difference between the two cases decreases in the stagnation region near the
substrate because convective transport in this boundary layer reduces and transport becomes
diffusion dominated. In addition, the different flow patterns with and without substrate can cause
a difference in the air fraction along the jet axis. The measured air admixing fraction of the free
jet used in the model is 12% lower than that of the impinging jet at the distance of 22 mm. Lower
O: density along the jet decreases the conversion of O into O3 through reaction (R3) and results
in a higher O density, as shown in the comparison of curves without substrate but with different
air admixing data as shown in Figure 11. Considering the effects of both air admixing and axial
velocity distribution for the 22 mm case, the species densities for the impinging flow will be

higher than that for the free jet flow, particularly for short-lived species.

25



30

T T T T T T T T T T T
- - - free jet’
. : b
— !‘ree Jf:l o5
- jet with substrate
-20
i o,
B 8
S, 2.
z - 152
2 >
L —_
o
-10
-5
T —L0

-;5 (IJ é 1|0 15 20
Distance from nozzle [mm]
Figure 11. Pseudo-1D plug flow modelling results for the same jet with and without substrate
(d=22 mm): Densities of O and O3 and axial velocities as a function of the distance from the
nozzle. *The air admixing data is based on MBMS result with substrate; ®The air admixing data
is obtained from Raman scattering measurements without substrate.[*”!

6.4  Linking C1O0" formation with O flux

The production of C1O™ associated with bacterial inactivation is reported to likely occur through a
reaction between the plasma-produced atomic oxygen and CI” in the solution:®!

0+ Cl” = Clo™ (RS)

Hence the production rate of ClOis an indication of the flux of O to the solution. We tried to
measure the O density under the same plasma conditions as the previously reported C10

production rate, but the results showed that the O density was below the detection limit of 1.5x

10'° cm™. However, the O density as a function of distance in the free jet with the same plasma
conditions as used from the non-touching liquid treatment is reported.!**] Based on these
measurements, we estimate the O density at the substrate at a distance of 6 mm, corresponding to
the nozzle-liquid distance, with the pseudo-1D plug flow model. The estimated O density at a

substrate positioned at 6 mm as shown in Figure 12 is 7.0x10'* cm?, close to the detection limit.
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The previously reported C1O" formation rate is 0.3x10'%/s.81 The O flux can be calculated by the

formula:[*%1

n= ithh “ag A, ®)

where n is the absolute density of species, Vi is the thermal velocity of O, 4 is the gas-liquid
contacting area estimated by the inner diameter of the nozzle, and « is the mass accommodation
coefficient used to describe the probability of impinging O atoms on the liquid surface being
absorbed into bulk liquid. Unfortunately, the accommodation coefficient of O, ao, is not reported
in literature and we use the accommodation coefficient of OH (00=0.83) instead.[*”]

Estimating the O flux by Equation 5 yields a value of 1.7x10'"/s which is almost 2 orders of

magnitude larger than the C1O™ production rate. This shows that only 1-2% of the absorbed O in
the liquid reacts with Cl” and forms ClO", allowing for ample of other O recombination reactions.
As O is the dominant reactive species at 6 mm,*® this suggests that the proposed reaction (R5) is

indeed the most likely pathway for C10™ production.
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Figure 12. Estimated difference of O in the free jet and the jet impinging on a substrate
positioned at 6 mm comparable to the jet used for the conditions of OCI generation.

7 Conclusion

In this work, a time-modulated RF driven atmospheric pressure plasma jet in Ar+1% O»
operating at 7.6 W was investigated by a molecular beam mass spectrometer. The absolute
densities of O and O3 as a function of nozzle-substrate distance in the afterglow of the plasma jet
operating in open air were measured. The detection limits of O and O3 were 1.5x10'5 cm™ and
3x10'" em™ respectively. O densities gradually decrease with increasing nozzle-orifice distances
and O3 densities have an opposite trend. Time-resolved measurements of O, O and O3z during
the modulated period showed the temporal increase in O and O3 densities caused by the
transient vortices induced by the switching on and off of the plasma during the modulated cycle.
Pseudo-1D plug flow modelling was also performed and the modelling results agree with the
experimentally observed trends of O and O3 densities as a function of the nozzle-substrate
distance. It was also shown that the O density distribution as a function of the distance from the
nozzle was significantly different for the free and substrate-impinging plasma jets mainly due to
the differences in the flow fields. Previously reported ClO™ production rates in saline induced by
the same plasma jet are two orders smaller than the O flux to the saline solution. This is
consistent with the previously proposed ClO™ production through the reaction of plasma

produced O with CI" in solution.
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