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1. Introduction

Cold non-equilibrium atmospheric pressure plasma jets are an emerging4echnology.with
wide applicability in fields such as localized materials processing, plasma agriculture,
and plasma medicine [1, 2, 3, 4]. Here, the high reactivity at near ambient temperature
is exploited in non-destructive interactions with heat sensitive materials or biological
systems. Transient radical species strongly influence the chemical reactivity of these
plasmas, while their high reactivity can also lead to large comeentration gradients.
Despite the ever-growing applications of cold (yet reactive) molecular plasmas, many
fundamental questions regarding the plasma chemical kinetics remain/to be explored;
in particular, the physical and chemical interactions of plasmas with solids and liquids.
The successful use of plasma jets in the field of plasma“medicine [5] — for example in
plasma-assisted wound healing — provides a strong motivationsto find ways to control
the reactive species composition generated by these types of plasma. It is therefore
essential to diagnose the fluxes of the generated speeies, to identify the relevant reaction
pathways, to be able to tailor the products for/specific biomedical applications, and to
gain further insight into plasma-induced reactivity in condensed matter systems. Recent
studies have shown that a tailoring of the reactive species composition from nitrogen
to oxygen-dominated species is possible [6].\ Thig,has important consequences as it is
generally believed that the reactive/oxygen and nitrogen species (RONS) play a key role
in the plasma-driven effects in biological tissue. One of the most important reactive
species involved is the hydrexyl radical, OH, a primary product of electron impact
dissociation of H,O. OH drives much of the low temperature oxidation chemistry and
in the case of low temperaturé atmospheric pressure plasmas is an important precursor
in the formation of HyOs, anot@r interesting RONS with high reactivity and oxidizing
capacity within biological samples; and which has been identified at high concentration
in the liquid phase [4]. “Both OH and H;O, have received much attention in the
atmospheric pressure plasma literature. Intimately linked to the reaction chemistry is
the hydroperoxyl radical, HOs, which may also play an important role in plasma medical
applications. The hydroperoxyl radical is the protonated form of superoxide anion, O,
that has been.identified fo play a role in acidification of plasma treated liquids. The
reaction HOy +»/H" 40, has a pK, value of 4.8, which means that in most plasma
treated liquidimedia; HO5 will transform to superoxide anion. HO, is a precursor for
many biologic oxidation reactions from lipid peroxidation to inactivation of membrane
bound catalase through formation of singlet molecular oxygen. HO, is readily formed in
theplasma effluent by the rapid reaction of H atoms formed from the dissociation of H,O
with O, present in the atmosphere or in the supplied gas curtain. This paper highlights
the Importance of HO, in these cycles by making the first quantitative observations of
the.concentration of HOy, [HOs], as a function of the concentration of O, [Os].

Due to their small spatial dimensions, these jets, however, are difficult to diagnose
quantitatively. To characterize the fluxes of the most abundant molecular species and
selected atomic species (e.g., Ar and He metastables) generated by these plasma sources,

Page 2 of 22



Page 3 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102333.R1

HO, reaction kinetics in a plasma jet determined by CRDS 3

absorption spectroscopy has become a popular method as it has several advantages over
other optical diagnostic techniques, the main one being that it returns absolute number
densities providing that the absorption cross-section is known [7]. However, the generally
small geometry of the effluent of a plasma jet (in the pym to cm range)severely limits
the sensitivity of absorption spectroscopy, especially for highly reactive transient species.
To overcome the difficulty of small absorption lengths, cavity-enhanced speetroscopies
are a promising class of techniques for localized measurements of compounds with
low abundances or weak absorption cross-sections in atmospheric pressure plasma
jets. Since the introduction of cavity ring-down spectroscopy (CRDS\) for absorption
measurements of gaseous samples in 1988 [8], a wide class of €avity-enhanced techniques
have been developed for probing solids, liquids, gases, and plasmas, such as CRDS; off-
axis cavity-enhanced absorption spectroscopy (OA-CEAS or integrated cavity output
spectroscopy (ICOS)), optical feedback cavity-enhan¢ed absorption spectroscopy (OF-
CEAS) and noise-immune cavity-enhanced opticaléheterodyne molecular spectroscopy
(NICE-OHMS) [9, 10]. All these techniques are based,on the principle of coupling
light into a high-finesse optical cavity, which in its simples% form consists of two highly
reflective mirrors enclosing the sample smnder investigation. By measuring the light
intensity leaking out of the optical cavity, with and without absorbing medium, the
concentration of absorbing species can be obtained with detectable concentrations at
the parts-per million (ppm) to the partssper-trillion (ppt) levels [11]. By employing
high finesse optical cavities, effective abserption path lengths of several tens of km can
be achieved with small base‘lengths in a small volume. Of all the cavity-enhanced
techniques, CRDS has been the most widely used for the detection of species in
plasmas; an overview of the applications of pulsed CRDS to characterize various types
of atmospheric pressure plasmasjetsican be found in Zaplotnik et al., with studies
concentrating primarily on thé detection of N3, No(A), OH, and He* species [12].
Recently we haveaeported on the detection of HO, in the effluent of a mm sized
atmospheric pressuré plasma jet, the so-called kINPen-Sci, using the continuous wave
(cw) based method of eptical feedback cavity-enhanced absorption spectroscopy [13].
In that article, sve showed the dependence of the HO, concentration on the feed gas
humidity. Here;swe build upon these initial results and report on the chemical network
responsible for the plasma-generated HO,. In particular, we determine the effect of O5 in
the curtain.gas on the production (or destruction) of HOz. To measure HO2, we employ
CRDS tising a diode laser at 6638.2cm™! as the light source to probe transitions in the
first vibrational overtone of the O — H stretch, i.e. the 2v; band (centred at 6649 cm™)
(145 15, 16, 17, 18]. We used CRDS instead of OF-CEAS in the current study for a
number of reasons. The implementation of CRDS is less complex, while the method is
more robust. As a result, the derivation of absorption spectra is more straightforward
andiless prone to systematic errors. For example, the issue of a fluctuating baseline that
we had in the OF-CEAS measurements does not occur here. Importantly, with CRDS,
a broader spectral range could be measured, enabling the HyO absorption lineshapes
to be fully resolved; this could not be achieved with the OF-CEAS setup presented



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102333.R1

HO, reaction kinetics in a plasma jet determined by CRDS 4

previously, and limited our ability to fit the data. Overall, the acquisition time for
CRDS is much faster and the method even more sensitive than OF-CEAS) Using a
Ar/H,O mixture as the feed gas, the dependence of [HO»] on the oxygen fraction imthe
curtain gas surrounding the plasma jet was investigated. The plasma discharge.operates
at atmospheric pressure, but measurements of [HO5| were acquired botlbat atmospheric
pressure and at 5.33kPa. The latter helped to reduce the effect of pressure broadening
on the observed spectra and corroborated our conclusions from ohservations at higher
pressure. It also enabled a first indication of the radial profile of the HOy densities to
be obtained. N

The remainder of the paper is structured as follows. Imsection 2 the plasma jet
device is briefly introduced and the CRDS setup is described in'detail. In section 3 the
procedure employed to derive the experimental [HO;| fromuthe absorption spectra and
the estimation of the HOy absorption cross-section are presented. The kinetic model
used to predict [HO,] is illustrated in section 4. The sensitivity of the spectrometer is
discussed in section 5.1, followed by the atmospheric pressure measurements (section
5.2) which are evaluated with kinetic modelling. In section 5.4 the low pressure oxygen
variation measurements are presented.

2. Experimental Setup

The non-thermal plasma used in this'work is an argon atmospheric pressure plasma
jet operated at a radio frequency around TMHz. The so-called kINPen-Sci has a pin-
type powered electrode centred in adielectric tubing with a circular grounded electrode
outside the dielectric [19]. The plasmanjet is operated at about 1 W dissipated power.
It is equipped with a gas_eurtain device, which allows for control of the atmosphere
surrounding its active afterglow and thus the chemical pathways that can occur [20].
Changing the compgsition of the curtain gas strongly influences the composition of the
reactive components/generated by the plasma. For instance, humidity variation controls
the output of HoQs and OH([21]. The feed gas argon has a flow rate of 3slm and is
humidified by passing a small fraction (4% — 10%) through a water bubbler held at
room temperagure (figure'1c). The feed gas humidity was measured with a chilled mirror
dew point hygrometer. The gas curtain is operated with a mixture of Oy and Ny at a
total flow raterof 5slm and can be varied from pure Oy to pure Nj.

A schematic of the CRDS spectrometer is shown in figure la. A 1506.4nm
(6638.2'em 1) distributed feedback laser diode (LD) in a fibre-pigtailed butterfly package
(NTT Electronics NLK1IS5GAAA) is used as the light source. An inline acousto-
optic modulator (Gooch & Housego Fibre-Q) is connected in series between the laser
and theradjustable fibre collimation package (Thorlabs CFC-8X-C). The current and
temperature of the laser are controlled by a Thorlabs LDC200 current driver and a
Thorlabs TED200 temperature controller, respectively. The laser beam is directed into
the linear cavity with protected silver mirrors. A f = 10 cm focal length lens is employed
in combination with the adjustable fibre collimation package to achieve spatial matching
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of the beam with the fundamental (Gaussian) transverse mode of the optical cavity. The
cavity consists of two highly reflective dielectric mirrors (Layertec, reflectivity 22:0.99998;
radius of curvature = 1m). For the atmospheric pressure measuremeénts, the optical
cavity is enclosed by an aluminium box with an acrylic glass lid and quartzswindows
(volume: 36.8 ). The distance between the mirrors is about 80 cm, andithe beamin the
cavity intercepts the effluent from the plasma jet (PJ) at the cavity’Simid=point. The
laser beam of 1 mm diameter passed through the plasma efluent at 10 mm distance from
the plasma jets nozzle as this is the typical distance between plasma, jet/and treated
surfaces. For the low pressure measurements, the mirrors are hoftsed in home-built
stainless steel enclosures connected by a glass tube of length 75 cm (figure 1b). The
distance between the mirrors in this case is 86 cm, and the effluent, is sampled through
a pinhole and expanded to a pressure of 5.33kPa. The pinhole in a 0.05 mm thick
copper sheet ;mounted on a glass nozzle of 25.4 mm length,to the main glass tube, has
a diameter of approximately 0.1 mm. The vacuum pump is connected to one of the
mirror enclosures, and the distance between the pimhole.inlet and the outlet towards
the pump is 30cm. In both atmospheric and low pressu’re setups, the “exit” mirror
is mounted on a hollow cylindrical piezéelectric transducer so that the length of the
cavity can be modulated by a few laser wavelengths. The light exiting the cavity is
focused by a f = 2.54cm lens onto an InGaAs photodiode (Thorlabs DET10C); the
photocurrent is then amplified by ‘a tramsimpedance amplifier (FEMTO DLPCA-200).
The amplified photosignal is sent to a home-built trigger circuit which switches the AOM
off whenever the signal exceeded a preset threshold, thus initiating a ring-down event.
The signal is also fed to a USB~data acquisition unit (National Instruments NI-USB
6356) which is triggered by a digital pulse sent by the trigger circuit whenever the AOM
is being switched off. The spectrometer is controlled by a custom LabVIEW (National
Instruments) program running on @ standard PC which is also used for further averaging
and processing of the data.

3. Derivation of HOs and H,O number densities from absorption spectra

In CRDS, onesmeasures/the total cavity loss rate, which is inversely proportional to
the ring-down time (RDT). The loss rate consists of all the possible loss mechanisms:
transmission of light through the cavity mirrors, absorption within the dielectric
coatingfof the mirrors, diffraction losses (aperture effect of the finite diameter of the
mirrors), scattering by the sample (e.g. due to particulate matter, but also because of
refractive index gradients or gas turbulence), and optical absorption. Apart from optical
absorption; none of the aforementioned effects exhibits a strong frequency dependence;
over thétypical range of a measured spectrum (in our case ~ 1cm™!), they can thus be
modelled with a straight line (we allow a non-zero gradient in the baseline to account
for slow changes in the ring-down time, due for example to material depositing on
the reflective coating of the mirrors). Unfortunately, at atmospheric pressure there is
no easy way of establishing this baseline, since the absorption of HO, is rather broad
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@ (b) 1

Figure 1: (a) Schematic of the atmospheric pressuré CRDS experimental setup with
the effluent of the atmospheric pressure plasmasintercepting the beam circulating
within the linear cavity. DL: diode laser; AOM: acousto-optic modulator; FC: fibre
collimation package; L: lens; CM: cavity mirror; PJ: kINPen-Sci plasma jet device;
DET: photodetector; AMP: amplifier; DAQ: data acquisition module; TRIG: trigger
circuit. (b) Linear cavity for low pressurénmeasurements. PH: pinhole. (c) The
atmospheric pressure plasma jet kINPen-Scizwithra gas curtain device operated with a
mixture of Oy and Ny to control the @ambient surrounding the jet afterglow. The feed
gas argon is humidified by passing a small fraction through a water bubbler held at
room temperature. The feed @as humidity isymeasured with a chilled mirror dew point
hygrometer. %H: hygrometer

and overlapping (see figure 2 Tater on), and there is a significant contribution from
atmospheric water absorption as well. Nevertheless, if the absorption cross-sections of
HO, and H5O are known, onérean try to fit the measured ring-down spectrum to obtain
the number densities:

a@) = - {L - 1 — [H,0low() + S[HOJou(w) +<(v), (1)
7(v) 7o(v) L ’

where [HoOJ; [HO,| are,the molecular number densities of water (W) and HO, (H),
ow, ou are the absorption cross-sections, £(v) is the residual, 7(v) is the RDT, 75(v)

encompasses all the loss mechanisms cited above except absorption, and we assume

=} b 2
eto(v) 0+ 01, 2)

where by, by are the baseline coefficients. The fraction ¢/L takes into account that

absorption due to HO is localized over a length ¢, and L is the cavity length. Water is
assumed to be homogeneously distributed over the cavity length.
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3.1. Absorption cross-sections of HOy and HyO

The absorption cross-section of water can be computed from the line strengths tabulated
in the HITRAN database where the pressure-broadening parameter is givémin air {22].
In the measurements below, the mixing ratio, Ar:O5:Ny, of the atmosphere within the
cavity volume ranges from 3:0:5 to 3:5:0. By measuring the (vi,vs, V33, K, K.) =
(0,2,1;10,3,7) < (0,0,0; 11, 3,8) water transition at 6638.914 cm 2 for variotis mixing
ratios between the aforementioned extremes, an empirical relationship between the
pressure-broadening parameter and the mixing ratio was found. The water absorption
cross-section was then computed separately for each mixing ratioshy using the HITRAN
parameters, except for the pressure-broadening parameter for whichsthe empirical value
was substituted.

Thiebaud et al. have measured the absorption spectrum. of HO, in 6,67 kPa of
helium [15]. By inspecting their raw spectra and (tabulated data, we have visually

-1

determined all the significant transitions in the range between 6637.3cm™" and

6639cm~'. We have then determined the position, l/g),and line strength, Y}(It), of
each transition, ¢, by applying Gaussian fits to the data. We couldn’t extract the
pressure-broadening parameters from the raw.data, impart because of the small pressure-
broadening caused by helium at 6,67 kPa (the lines are essentially Doppler-broadened),
and in part because even at this reduced pressure there is still congestion of absorption
lines. We therefore assumed the same pressure-broadening coefficient, ~y, for all
transitions. Ibrahim et al. haye reported air pressure-broadening parameters for 34 HO,
transitions between 6631 cm ™! and.6671 cm ™! with values ranging from 0.078 cm~tatm ™!
to 0.1548 cm'atm~! (HWHM). Withhour Ar/O,/N, atmosphere, significantly different
values should be expected [23].\Next, we calculated the absorption cross-section at the
frequency v due to the transition ¢'@s an area-normalized Voigt profile, ¥ (v — Vg); ),
multiplied by the transition’s line strength'

o (vimh= S (v — v ). (3)

The absorption cross-section due to all HO, transitions at v then becomes:
t
Viom) ZUH Vi Vi) ZY( VH v’YH) (4)

As an examples figure 2 shows the absorptlon cross-section of HOy computed with
equations(#) at 1.01325 hPa and with the choice vy = 0.06 cm™'atm™! (half width at
half maximum (HWHM)). The peak absorption cross-section of the water transitions in
this_spectral interval is several orders of magnitude lower (ow ~ 10724 cm?), but since
the water smumber density is much higher than HO,, the contribution to the absorption
specteum is significant.

The uncertainty in the HO5 absorption cross-section arises from the line positions,
l/g), and strengths, .7 (t), of the HO, transitions, extracted from the data [15]. This
procedure requires a certain amount of personal judgement, as it is not always clear how
many transitions are present within a given congested absorption feature. Furthermore,
when the overlap is particularly significant, the uncertainty in both position and strength
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Figure 2: Absorption cross-section of HOy computed with equation (4) with the data of
Thiebaud et al. at 1.01325hPa and with vy = 0.06 cin~'atin_ '

becomes large. A further source of error is du¢ to the assumption that all transitions
exhibit the same pressure-broadening parameter, .

3.2. Fitting

The fit of the spectral data, equation (1)juis linear in the four fit parameters, 3 =
[bo by My |, with the definitions M= [H,0] and

Ay = (¢/L)[HO,]. (5)
The residuals are given by e(v) = Myow (V) + Saou(v;yu) + by + biv — #I/) The
minimum of the residual sumsof squares, x> = > &2, follows from the condition
Ox?/0B3 = 0. The latter is a 4 x 4'system of linear equations of the form,

MpB =w, (6)

where M is a 4 x 4'veal symmetric matrix and w is a 4 x 1 real vector,

N, D> v Ddow D.onm St
Mo Svt Sowr Y. opv wzl Sl

Sok Y owon |’ c| Y rlow
>0 >.7 o

and the sums go over all frequencies of the spectrum, Yz = S0 x(v), with N, the
number of spectral points. For each measurement, the fit vector, 3, was computed with

(7)

Matlab’s mldivide command, which performs a robust matrix “inversion” of M. The
procedure‘was repeated for an array of values of the pressure-broadening parameter,
and the values of 3 and ~y yielding the lowest x?, x3 = min,, x*, were retained as the
best fit values.

The 95 % confidence interval for A4 was computed with the F-ratio method. Let
X2(A1) denote the residual sum of squares for the (constrained) fit with .44 held fixed
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at some arbitrary value.I If the constrained fit is as good as the unconstrained one and
the residuals all exhibit a normal distribution with zero mean and constantéstandard
deviation (null hypothesis), then the statistic,

2 JV N2
XC(H—M ~ Fiy, 1, 8)
X0
follows an F' distribution with 1 and NV, —4 degrees of freedom [24]. /The null hypothesis
is rejected if F' > Fy n,-4(0.95), where F y,-4(0.95) denotes the'95-percentile of the
Fy n,—4 distribution (i.e. the inverse of the cumulative distribdtion funetion (of the F

distribution) evaluated at 0.95). The 95 % confidence interval for/f; is thus defined as
X ()

the interval,
— 2
{m{ N 0 < FLNV4(O.95)}. (9)
0

Note that systematic errors arising from inaccuracies in the absorption cross-section of

F=(N, —4)

(NV - 4)

HO, are not taken into account; if systematic errers are present, then the residual’s
zero-mean assumption in the null hypothesis breaks dowh and the F-ratio (equation
(8)) no longer obeys an F' distribution.

In the atmospheric pressure measurements, the high reactivity of HO, results in a
strong localization of the radical within the active.effluent. From quantitative schlieren
diagnostics on the plasma jet an absorption length of 4 mm for the plasma effluent at
10 mm distance from the plasma jets nozzle was obtained [25]. If we assume [HOs] to be
homogeneously distributed over a distance #,= 4 mm and zero otherwise [26], the local
[HO,| with a cavity length of L =80 cm is given by [HO5] = 200.44; (see equation (5)).

In the low pressure meaSurements, we assume [HOs] to be constant within the
glass tube between the pinholg inlet/and the mirror on the side where the vacuum
pump is connected (i.e. foverda length of 30cm). In this case, the correction factor
is L/t = 86/30 ~ 2.9 and(so [HO,| = 2.9.4f;. This last value represents [HO,| at
5.33kPa. The initial eoncentration generated outside the glass tube at atmospheric
pressure is obviously'significantly larger; the initial HOy number density is reduced
due to the expansion from atmospheric pressure to 5.33kPa by an estimated factor of
760/40 = 19, but-possibly significantly more due to sampling and wall losses, vide infra.

4. Reaction kinetics model

4.1. Parametric model for the plasma effluent

A [simplified zero-dimensional plug-flow model has been implemented based on the
appreach presented in [26]. For this, the reaction kinetics equations are solved in a
volume element that is co-moving with the flow at its average velocity of vy = 25ms™*.
Thedistance of the volume element from the extremity of the kINPen is then given

by z = wvot, where t is the time. Previously, the influence of feed-gas humidity on the

3 This constrained fit can be computed in a similar fashion as above by modifying M and w (equation
(7)) appropriately.
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generation of HyOy and O3 by the kINPen operated with a shielding gas deyice was
investigated by Fourier transform infrared (FTIR) spectroscopy [27]. It was found, that
if the feed gas humidity is increased from dry conditions to 1890 ppm H5O, the O3 density
decreases from 1.1 x 10 cm™2 to 0.1 x 10 ecm =3, while the density of HyOgtincreases
linearly from zero to 1.3 x 101 cm™ and no other RONS (such as NO, )4were deteetable.
Since all experiments in the current work are carried out at an even'higher feed gas
humidity of the oder of 3000 ppm H,O, the model is based on the assumption that the
plasma mainly serves as a source of H and OH while further RONS»are generated in
negligible amounts. =

The dissociation of HoO can occur via electron impact dissociation

6+H20—>€+H+OH

or via reaction with electronically excited species, especially. Ar*i(€.g. the Ar(3P,)-state),
Ar}, or excited molecular nitrogen (e.g. Na(A)), [28,.29, 30]

Ar*/Ar;/No(A) + H,O — H 4+ OHHF produc’ts.

H and OH can also be generated via further pathways, e.g., involving reactions of HoO™
or H;O" with HyO [31]. In the model, theigeneration of H and OH is denoted by the
fictitious reaction (RO),

H,O — H + OH, (RO)

with the unknown rate constant k. Reaetion (RO) is only active until ¢ = ¢, = 0.4 ms,
corresponding to the volume element having travelled to the tip of the visible plasma
effluent, located at a distance #ip, = gttip = 1 cm in the plug flow model.

The reaction kinetics is ‘computed by solving the system of ordinary differential
equations N

S Ixiw=adn A, (1)
where [X] are the number, densities of the reactive species in table 1, X =
HO,, Oy, HyO, Hy OH .. The gain (Gx) and loss (Lx) terms are compiled according
to the reactions listed in table 1.

As previously carried out by Schmidt-Bleker et al., the diffusion of the oxygen
curtain gas into‘the active plasma efluent was estimated with the non-dispersive-path-
mapping‘approximation [32, 26|, assuming an increase of the oxygen density, [Os](z),
along the jet axis z = vyt by adding the source term in equation (11),

G0 = 10l o (e ) (12)

where rg= 0.8 mm is the radius of the dielectric tube, D the effective diffusion coefficient,

and. (O], is the density of O, in the far-field according to a given curtain gas composition.
Both the rate coefficient & in equation (R0) and the diffusion coefficient D in equation
(12) are used as free parameters to fit the simulated densities of HOy to the values
obtained experimentally.
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Table 1: Set of reactions used in the plug-flow model.

Reaction Rate coeff.%®* Reference

(RO) H,O — H+ OH k

(R1) H+4+0;+M—HO,+M 2.02 x 1073*  [33]
(R2) H+H+M—-Hy,+M 6.00 x 10733 [34]
(R3) HO;+H — OH+ OH 6.47 x 10711 [34]
(R4) HOy+H — Hy 4+ Oy 6.67 x 10712 [34]
(R6) OH+H+M — H,O+M 2.56 x 10731 . [35]
(R7)  OH + Hy05 — HO, + H,0 1.70 x 10712 [35]
(R9) HO3 +HOy — Hy05 + Oq 1.63 x 1072 [35]
(R10) HOz + HOg + M — HyOy + Op + M 5.00 x 1073235
(R11) HO3 + OH — H50 + Oq 1.10.x 10=1°  [35]
(R12) OH+OH+ M — Hy,Oy + M 6.16 x 103 [33]

1

The units of the rate coefficients are cm?®s™ Ymolecule™ for two-body reactions,

cm6 1

s~ molecule™? for three-body reactionspand s™for (R0). A temperature of 300 K
was assumed.
> M denotes a third body with a density of 2:44 x 10" molecule cm™3. If the respective

reaction coefficient was available, Ar was chosen as third body.

5. Results and Discussion

5.1. Sensitivity of the spectrometer

Figure 3 shows an Allan-Werle plat measured with the evacuated cavity [36]. The ring-
down rate was 125 s%i{and the data for figure 3 was acquired over about 2h. The Allan
deviation of « for an averaging time of 1sis 3.8 x 107" em™" (under ideal conditions).
At atmospheric pressurepthis corresponds to the absorption (at 6638.20 cm™!) caused by
a homogeneous distribution of HO, of 7.4 x 108 molecule cm ™3 (absorption cross-section
on ~ 5 x 10720 cm?), oralternatively, 1.5 x 10! molecule cm™3 of HO, if the molecules
are localized within 'a volume with a diameter of 4mm. At 5.33kPa, the absorption
cross-section is o~ 3.2 x 107 cm?, and the value becomes 1.2 x 10® molecule cm ™3
(for the homogeneous distribution). The actual sensitivity to HO, when the plasma
jet issactive indhe atmospheric pressure measurements is worse by about one order of
magnitudedecause the plasma interferes with the operation of the cavity by introducing
random fluctuations in the cavity losses (e.g., because of gas turbulence and variations
in the refractive index). The sensitivity however significantly improves at low pressure
and approaches that of the evacuated cavity as the small flow that is being sampled by
the pinhole does not perturb the circulating light wave within the cavity. Furthermore,
the absorption cross-section of HO, increases from 5 x 1072° cm? at 1.01325hPa to
3.2x 107 ¥ cm? at 5.33kPa. A drawback, however, is that the initial [HO,] produced at
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Figure 3: Allan-Werle plot, showing the uncertainty innthe ring-down time, in the
absorption coefficient, and in the HOy number density. The HO, number density was
computed assuming an absorption cross-section ofth X 10~2° cm? and a sample with a
diameter of 4 mm. v

atmospheric pressure is significantly reduced due to expansion and sampling as well as
wall losses.

5.2. Atmospheric pressure measurements

For our study of the influence of shielding gas composition on the HOy concentration,
two runs were performed where the volume fraction of Oy was varied from: (1) f =0%
(pure Na) to f = 100% (puresOs) in steps of 20 %; (2) from f = 100% to f = 0%
in steps of —20%. The [N, fraction was always 1 — f, so that the total curtain gas
flow was kept constant. The full set of absorption spectra for the first run is shown
in figure 4. The HOs and HyO number densities for both runs were computed in the
following fashion. /Singe thespressure-broadening parameter for HO,, vy, is unknown,
the absorption gross-section of HO,, oy (equation (4)), was computed for a range of

values of g, mamely. 0.015cm~tatm™ < v < 0.095cm ™ tatm=?.

For each value of
v, the best/ fit t0 the measured spectrum was computed by solving equation (6) with
respect to.3. Of all the fits (one for each value of vg), the one yielding the smallest x>
(i.e. the best fit,in the least-squares sense) was retained.

Figure 5 shows the average (of the two runs) [HOs] in the measurement cell as a
funection of Oy fraction in the curtain gas, f. The number densities, assumed to be
homogeneous over the 4 mm diameter of the efluent and zero without, were computed
with equation (5). For comparison, the results of a similar measurement series taken
atran. carlier date with an OF-CEAS spectrometer are also shown. The two curves
are in very good agreement; with f = 0%, the HO, number density was about

3

1.5 x 10*® molecule cm ™2, increasing quickly to 5 x 10'¥moleculecm™ at f = 20 %,

and then more slowly to about 8 x 10 moleculecm™ at f = 100%. The error bars

Page 12 of 22



Page 13 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102333.R1

HOy reaction kinetics in a plasma jet determined by CRDS 13

Abs. coeff. 0./ 10® cm™

1
6637.8 6638 6638.2 6638.4 6638.6

1 1 1 ~

Wavenumber / cm™

Figure 4: Measured CRDS spectra for shielding gas oxygen fractions of f =
0, 20, 40, 60, 80, and 100 %.

are the 95 % confidence intervals determined with the F=ratio method (see section 3.2).
Also shown in figure 5 are the values of vy for which the best fit was obtained for
each Oy fraction value. When comparing beth speetrometers, significant differences
in the values of vy are obtained. The spectra taken with the OF-CEAS setup were
limited in the spectral range that{could be recorded, while also having a fluctuating
baseline. As a result, the water abserption lines could not be resolved fully, which
hampered the accuracy of the fitting procedure and this mostly affected the value for
the pressure-broadening parameter. The CRDS method enabled us to record a much
broader spectral range and as'a result, the water absorptions could be resolved fully as
is show in figure 4. Now, the ﬁLQng procedure returned much more consistent values for
the pressure-broadening parameters, which turned out to be consistently larger than
the values determined. withi the /OF-CEAS method. As the CRDS spectra have a
much better signal-to-noise ratio, we believe that the pressure-broadening parameters
derived by this method are.a’better representation of the broadening observed with a
gas mixture of Ar/O,/Ng. The decrease of 4y with increasing oxygen concentration
is consistent with the three times smaller electric quadrupole moment of O, compared
to Ny (assuming/that the attractive inter-molecular forces play a role in the pressure
broadening) \[37]. Moreover, the present values lie below the range of air-broadened
values réported by Tbrahim et al. (0.078 cm tatm™' < vy < 0.1548 cm'atm™! for 34
transitions in the range 6631 cm™' — 6671 cm™') and above the helium-broadened values
detérmined by Assaf et al. (v = 0.031cm™atm™! for the transition at 7000.28 cm™)
[23,.38]; this, again, is consistent with the fact that argon-induced broadening is weaker
than Ng=broadening (which is the dominant effect in air) but stronger than He-induced
broadening (Ar is more polarisable than He).

The spectra and fits to the CRDS data for f = 0% and f = 100 % are shown in
figure 6. It is clear that the fitting procedure fails to accurately describe the measured
absorption around 6638.2 cm~!. This is mainly a consequence of the assumptions made
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in the derivation of the absorption cross-section of HOq (section 3.1), namely that every
transition has the same pressure-broadening parameter and, to a smaller extent, the
omission of any pressure-induced shifts in our fitting procedure. It also, means that
the 95% confidence intervals in figure 5 are likely to be significantly lasger, since the
presence of systematic errors invalidates the F-ratio technique (see diseussion in section
3.2 above). More accurate spectroscopic information about HO, is elearly needed. We
do feel, however, that the trend of [HO| with f is reasonable (see later).

In all these measurements, the jet is oriented such that the effiuent propagates
horizontally (in the laboratory frame) and is orthogonal to the propag\ation axis of the
laser beam. The laser beam intersects the plasma efuentyll mm from the nozzle.
To investigate whether HOq resides exclusively within the plasma effluent or not, the
measurement series in figure 5 was repeated with the plasma jet being lowered relative
to the laser beam and tilted downwards, passing 2 cim below the laser beam (diameter
of the beam: ~ 1 mm), rather than intersecting it. o ensure the steady-state had been
reached within the cavity box, each spectrum was acquired after a 15 min wait after the
last curtain gas composition change while the plasma jet Was switched on. The size of
the HO, absorption was almost independént of f and corresponds to an average residual
density of [HO,]”® = 3 x 10 molecule e *5This contribution requires the addition
of a term [HO3]P8op(v) to the right-hand side of @quation (1). The fit parameter, A4
(equation (5)), then becomes Af; = ((/T)HO)+ [HO,]P8, from which the HO, number

W o
ERy \é
= 4 4 g aos
S
2_
208
10.08
¢ H0.07 2
% J0.06 5_
&
& } % % % % %—0405 B,
% $ %—0404

0 20 40 60 80 100
O, fraction f/ %

Figure 5: [HO;| and pressure-broadening parameter, vy, as a function of Oy fraction in
the curtain gas, f, measured with the CRDS spectrometer described in this article and
with an OF-CEAS spectrometer.
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Figure 6: Absorption spectrum and fit (equation (1)) forthe (a) f = 0% (pure Ny
curtain gas) and (b) f =100 % (pure O3) measurements.
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Figure 7: Measured and modeled [HO| in the effluent as a function of oxygen fraction
in the gas curtaint

density in the plasma effluent, [HO,], follows immediately (L/¢ = 200),

[HO,J& 200(A; — [HO,)). (13)

The result is shown in figure 7 together with the fit (dashed line) of the reaction kinetics
modélto thelexperimental data. The fit yields a rate coefficient & = 8 s™! and a diffusion
coefficient ‘P = 0.83 cm?s~!, which is in good agreement with the value obtained in the
previous work of D = 1cm?s™! [26].

Considering the uncertainty in the measured concentrations due to the large number
of unknowns (accurate line centres and strengths, pressure-broadening coefficients), the
assumption of a constant concentration within the diameter of the plasma efHuent and
zero otherwise, and the simplicity of the plug-flow model used to predict [HOs|, the
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Figure 8: (a) Total [HO.| density generated (positive values) or destroyed (negative
values) by reactions (R1), (R3), and (R10) (see table:l) during the interval from 0 to
0.4ms. (b) Number densities of relevant RONS/at ¢= 0.4ans.

agreement is reasonably good. However, it should be noted that the HO, density at
f =0 is dramatically underestimated by the:model by a factor of 1/20.

Figure 8a shows the density of HOs, generated (positive values) or destroyed
(negative values) in the plasma effluentythrough the most important reactions listed
in table 1. The data is generated by integrating the respective computed reaction rates
with respect to time between#4 =10 to 0.4ms. Numerical simulation of the model,
equation (11), shows that HQg is almest exclusively formed through the reaction of H
and Oy in reaction (R1). Howewer; HQ, is simultaneously destroyed mainly through the
reaction with OH in reaction (R11y), but also to a lesser extent through the reaction with
H (R3); from figures8anit is elearshat roughly half of the HO, generated in the plasma
effluent through reaction(R1) is destroyed (by (R3) and (R11)) before it can be detected.
At higher HO, densities, the HO, self-reaction (R9) can be expected to contribute to
a larger extent to the removal of HO,, as the rate increases quadratically with [HO,],
possibly limiting the:sHO, density obtainable in atmospheric pressure plasma sources.
As two OH molecules arérgenerated in this reaction, this can further contribute to the
HO, removal'in rea¢tion (R11) when more H is available. In figure 8b the calculated
densities of relevant RONS at the tip of the effluent, i.e. at t = 0.4 ms, are given.

It is unclear, why the model underestimates HO5 density at f = 0. The well-known
reaction between HoOo and OH (reaction (R7)) is far too slow to produce significant
amounts of HO, in the plasma efluent. However, possible mechanisms may proceed via
excited species. For example, if OH(A) is formed, the reaction with HyO5 could be fast
enough, having a rate coefficient of 2.93 x 107° cm? s~ molecule™* [39)].
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Figure 9: The plug-flow model incorporates two dilution steps, the first at 0.4 ms
(corresponding to a distance of 1cm), and the second at 0.18,.

5.3. Downstream chemistry y
The model can be employed not only for the.calculation of HO, densities in the visible
plasma effluent, but also in the measurement celliby incorporating two dilution steps as
illustrated in figure 9. The first dilutien is carried out after 0.4 ms. In this dilution step,
all species except Oq are diluted by afactor 3/8 to account for mixing of the feed gas
with the curtain gas, i.e., a flow rate of the feed gas of 3 slm relative to the total flow
rate of feed gas and gas curtain of 8 slm. O, is excluded from this dilution as its increase
is described by equation (12)./A second dilution by a factor of 1/10 is introduced after
0.1s, in which only the highlyireactive species (H, OH, and HO,) are diluted. This
second dilution step accotnts for the fact that within ca. 10 cm, the total jet gas flow
is further diluted by surrounding gas that entrains the jet, while the velocity of the
gas rapidly drops to ca. 1m/§iFAs a result the gas flow is diluted with a factor of 10
within approximately,0.1siasipreviously investigated by computational fluid dynamics
simulations [40]. Note that this second dilution does not decrease the total amount of
RONS in the measurement cell and hence the HOy density needs to be multiplied by
10 again to be comparable to measurements. The main effect of this dilution is that it
slows down teactions in the downstream region of the jet. It is assumed that the gas
mixing with the jet flow contains orders of magnitude less H, OH, and HO, than the jet
flow at'0.1s, and hence their residual density is neglected. Note that this dilution step
is maerely introduced to investigate the longevity of HOy observed experimentally. The
exact value of the dilution factor and the time at which the dilution takes place does
not qualitatively change the results, but affects the modelled longevity of HO,.

In figure 10 the measured residual HO, density is compared with the temporally
averaged HO, density calculated from the diluted plug-flow model.

Comparing figures 7 and 10, it may be surprising that the downstream HO, density
is hardly affected by the curtain gas composition, while a strong dependence is observed
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Figure 10: Measured and modeled [HOs] in the bagkground as a function of oxygen
fraction in the gas curtain

L
in the plasma effluent. There are two reasons for/this. The first one is, that reaction

(R1) is slower if less O, is available: as shown in figuré 7b, if less O, is provided, more
H survives as it reaches the tip of the plasma efluent. However, most of this H will
form HO, downstream. Second, the destruetion of HO, in the second dilution step
occurs due to the self-reaction of HOgx(reactions, (R9) and (R10)). Since the rate of this
process depends quadratically on the density of HO,, the relative differences of initial
HO, densities for different gas eurtain composition are almost equalized within tens of
seconds.

5.4. Low pressure measunéments

Given the uncertainties associated with fitting the HO5 spectra at atmospheric pressure,
it was decided to investigate HO, under low pressure conditions, where spectral
congestion is reduced.»Theplasma effluent was aimed at the pinhole mounted on the
glass tube (see figure 1b). The same oxygen fraction variation series as in figure 5
was measuredsat 5.33 kPa and [HO;] was computed in the same way as above but
neglecting the gontribution to the spectra from water (figure 11). The expansion
of the gas. through/ the pinhole causes a drop in the number density, which we
expect fo be reduced by a factor 760/40 = 19 compared to the initial (atmospheric
pressure)yvalue. However, the reduction is much larger; at f = 100% we have
approximately 1.4 x 10 moleculecm™ of HO, at 5.33kPa, while the atmospheric
pressure measurement yields 8 x 10¥ moleculecm™3, or a factor of 570 more. This
points to'very large sampling losses and possibly wall losses. Another explanation can
befound in the fundamental difference between the atmospheric pressure measurements
and these low pressure measurements. Although both CRDS measurements give line-
of-sight numbers, the former gives the integrated number density probing the total jet

diameter, while the latter is a point measurement, where only a specific location of the
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Figure 11: (a) HO, absorption spectra with curtain igas oxygen fraction, f, of 0% and
100 % measured at 5.33 kPa by sampling the plasma. effluent through a pinhole. (b) HO,
number density within the cavity as a function/of oxygen fraction f.

plasma effluent is sampled through the pinhole. Nevertheless, the trend of [HO,| as
a function of Oy fraction (figure 11b) is reassuringly similar to the one measured at
atmospheric pressure directly in the effluent.

Sampling with a pinhole opens up the possibility of mapping the spatial distribution
of HO, within the plasma jet™ For this purpese, we translated the plasma jet device so
that the efluent would sweep agrossithe pinhole. We measured the absorption at a fixed
frequency of 6638.20 cm ™! as a function of the displacement between measurement points
of 0.13mm. Figure 12 shows the, radial profile of the HO; number density measured
along a straight line lying in a cro§s-sectional plane through the plasma effluent (about
8 mm from the deviee’sitip) for f .= 100 % (pure O;). Although we note that the method
gives a limited spatial resolution of about 0.13 mm, this is a first indication that HO,
is inhomogeneously distributed in the effluent of the plasma jet. This lobed structure
is in contrast teyprevious laser-induced fluorescence measurements of the OH spatial
distribution im"the effluent, which shows OH to be maximally located on-axis, i.e. at
Omm in the'centre of theweffluent [41]. The radial profile is expected to exhibit a strong
dependenege;on the longitudinal position of the measurement (due to oxygen diffusion),
but this was not, verified here. We would like to point out that it cannot be excluded
definitively that the way in which the low pressure experiment has been performed is
responsible.for the observed radial profile. For example, the plasma is now in contact
withythe surface of the pinhole and this might introduce significant deviations from
undisturbed field and flow distributions. These effects have not been studied in detail
in the.current work. More investigations of the radial profile at low and atmospheric
pressure are required, not only in longitudinal position, but also as function of the gas
curtain composition, to be able to determine the spatial distribution of HO,.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102333.R1

HO, reaction kinetics in a plasma jet determined by CRDS 20

0.9 T T T T T T

0.8 4

0.7F E

0.6 F E

[HO,]/ au.

05F E

04} 1

03t 1

1 1 1 1 1 1
-3 -2 -1 0 1 2 3

Position/ mm

Figure 12: Radial profile of [HOs] measure at abott 8mm from the device’s tip.

6. Conclusion .

This work has successfully determinedocalized ‘coneentrations of HO5 in the non-
equilibrium atmospheric pressure plasma jet produced by a kINPen-Sci device equipped
with a shielding gas curtain. To detect HO, inithe plasma effluent, a cavity ring-
down spectrometer with a laser‘souréememitting at 1506.4nm (6638.2cm™') was
employed. The detection sensitivity of the spectrometer at atmospheric pressure was
1.5 x 10" moleculecm™ of HQ, if the absérption is assumed to be localized within
4mm and under ideal conditions. Through a variation of the shielding gas composition
in combination with a plug flow modeling approach, the trends in the experimental
and theoretical HOy densities at l.cm from the device’s tip were compared and found
to agree reasonably well, considering the uncertainties present. The model shows that
most of the HO, isdformed through the reaction of H with O,. While a large fraction
of the HO is destréyednin reactions with OH and with H, it was also found that a
significant fraction of HO, survives long enough to diffuse back into the probe beam,
creating a “background” absorption signal due to HO,; molecules residing outside of
the plasma effluent. This work confirms the potential of CRDS for the study of high
gradient non-equilibrium flowing systems.

Futureywork regarding the hydroperoxyl radical in these type of plasmas would
greatly benefit from more accurate and complete spectral information on HO, in order
to improve the uincertainties in the quantitative data. Some technical improvements —
for'example, to prevent the presence of the background HO5 mentioned in the previous
paragraph ~ are relatively easy to implement. Determination of the spatial distribution
of HO, within (or without) the plasma effluent with the pinhole sampling technique is
alsorof great interest.
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