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CrossMark
Abstract
Cold atmospheric pressure plasma jets make important contributions to a range of fields, such
as materials processing and plasma medicine. In order to optimise the effect of those plasma
sources, a detailed understanding of the chemical reaction networks is pivotal. However, the
small diameter of plasma jets makes diagnostics challenging. A promising approach to obtain
absolute number densities is the utilisation of cavity-enhanced absorption spectroscopy
methods, by which line-of-sight averaged densities are determined. Here, we present first
measurements on how the spatial distribution of HO; in the effluent of a cold atmospheric
pressure plasma jet can be obtained by cavity ring-down spectroscopy in an efficient way.
Instead of recording fully wavelength resolved spectra, we will demonstrate that it is sufficient
to measure the absorption coefficient at two wavelengths, corresponding to the laser being on
and off the molecular resonance. By sampling the effluent from the 1.6 mm diameter nozzle in
the radial direction at various axial positions, we determined that the distances over which the
HO, density was distributed were (3.9 £ 0.5) mm and (6.7 4= 0.1) mm at a distance of 2 mm
and 10 mm below the nozzle of the plasma jet, respectively. We performed an Abel inversion
in order to obtain the spatial distribution of HO, that is presented along the symmetry axis of
the effluent. Based on that localised density, which was (4.8 & 0.6) - 10'* cm~ at the
maximum, we will discuss the importance of the plasma zone for the production of HO,.

Keywords: spatial distribution, cavity ring-down spectroscopy, atmospheric pressure plasma
jet, density of transient species, hydroperoxyl radical
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1. Introduction

With the development of cold atmospheric pressure plasma
jets (CAPIJs) over the last decade, the localised and selec-
tive treatment of heat sensitive objects and biological tissue
has gained high industrial and medical importance thereby
widening established fields, such as materials processing, and
opening new fields, such as plasma medicine and plasma agri-
culture [ 1-5]. The number of applications for CAPJs increases
continuously and their adaptability becomes more and more
important, in particular for their utilisation for decontamina-
tion, sterilisation, wound healing and cancer therapy [6—10].
It is therefore essential to diagnose the fluxes of the plasma
generated species and to identify the relevant reaction path-
ways which occur under different conditions, such as feed gas
and surrounding gas compositions, in order to obtain a detailed
understanding of the chemical reaction network and thus to be
able to tailor the reactive species composition for a specific
application.

Previous studies have shown that the individual com-
position of reactive species can be changed by adding
molecular gases to the argon feed gas or by changing the
surrounding gas composition [11, 12]. For example, it was
demonstrated that the addition of water to the feed gas of a
CAPJ reduces the ozone production [13], and by the addi-
tion of a few thousand ppm oxygen to the feed gas, the NO
production could be controlled [14]. By changing the sur-
rounding gas composition, a mixture of oxygen and nitro-
gen, the ozone density increased, whereas the number of reac-
tive oxygen—nitrogen species (RONS) decreased with rising
oxygen concentration in the surrounding atmosphere. These
are important observations, as RONS seem to play an impor-
tant role in the plasma-driven effects on biological tissue
[15-17].

One of the key species identified in plasma-treated liquids
and in cell culture media is hydrogen peroxide, H,O,, which is
known to induce oxidative stress on cells that reduces the cell
viability and leads to the programmed cell death at high con-
centrations [13, 15]. A contemporary question for understand-
ing the plasma-to-liquid interaction is to determine the location
where cell-effective species, such as H,O,, are produced: Are
they formed in the gas phase and diffuse into the liquid or are
they formed inside the liquid via secondary reactions?

There are two dominant species, which are involved in the
production and destruction of H,O,: The hydroxyl radical,
OH, and the hydroperoxyl radical, HO, [18]. Both radicals
are known precursors that drive the low temperature oxida-
tion chemistry. The HO, radical, in particular, is involved in
biological oxidation reactions, such as lipid peroxidation [19],
as it can enter cell membranes. In a liquid, a chemical equi-
librium will develop between HO, and the superoxide anion,
O, which is responsible for a change of the pH-value in
plasma-treated liquids [20].

The dissociation of water, ubiquitous in the atmosphere,
plays an important role on the formation of both OH and HO»;
OH is a direct product of water splitting, while HO, is formed
by the reaction of the hydrogen atom co-product, H, with oxy-
gen molecules, O,. In order to gain better insights into the role

of HO,, it is crucial to determine its gas phase density and to
follow its reaction pathways in the effluent.

However, the small diameter of CAPJs (in the range of mm)
makes diagnostics challenging. A common technique to detect
the most abundant fluxes of molecules and selected electron-
ically excited atoms, such as metastable Ar or He, is absorp-
tion spectroscopy, as it provides absolute number densities if
the absorption cross-sections are known [21, 22]. Addition-
ally, the utilization of high-finesse optical cavities enhances
the effective absorption path length and thus the sensitivity,
which is crucial for the detection of highly reactive transient
species in CAPJs. Within such a cavity, which normally con-
sists of two highly reflective mirrors, the effective absorption
path length through the sample under investigation can easily
be increased by a factor of thousand to ten thousand [23, 24].
With cavity-enhanced spectroscopy techniques, detection lim-
its of parts-per-million (ppm) up to parts-per-trillion (ppt) can
be achieved, as for example shown for methane in reference
[25]. For the detection of species in plasmas, cavity ring-down
spectroscopy has been the most widely used cavity-enhanced
spectroscopy technique. Some applications of CRDS for the
analysis of atmospheric pressure plasma jets, including the
detection of N;r , N2(A), OH and He*, are reported in ref-
erences [22, 26, 27]. In order to detect HO, radicals in the
effluent of a CAPJ, Gianella et al have recently applied
optical feedback cavity-enhanced absorption spectroscopy
(OF-CEAS) [28] and continuous wave cavity ring-down spec-
troscopy (cw-CRDS) [18]. The latter has the advantage to
cover a broader wavelength range and to be less suscepti-
ble to fluctuations of the base line. Moreover, with CRDS,
a higher sensitivity and shorter acquisition time could be
achieved.

For the determination of the density from absorption spec-
tra, Gianella et al developed a fitting routine that included 23
transitions of the second vibrational overtone of the OH stretch
(2v)) in the HO, radical around 6638.2 cm™! (1506 nm), as
well as overlapping transitions from water that was present in
the ambient atmosphere and in the feed gas [18].

Using a simple plug flow model, Gianella ef al identified
the most important production and consumption pathways for
HO,. HO, was mainly consumed by reactions with OH and H,
whereas it was dominantly formed through the reaction of H
and O,.

In order to gain further insights into the formation and
loss mechanism of HO,, spatial information is required. How-
ever, obtaining spatial density distributions with absorption
spectroscopy techniques is demanding, as commonly line-of-
sight densities are determined, assuming a constant density
that is homogeneously distributed over the effective absorption
length /.

To obtain a first indication of the radial profile of the HO,
density, Gianella et al sampled the effluent of a CAPJ through a
pinhole expanding it to 5.33 kPa [18], while stepping the cen-
tre of the effluent relative to the centre of the pinhole. They
measured a doughnut-like shape with the highest densities at
the sides and a dip in the centre of the effluent representing
a formation of HO, by the reaction of H atoms produced by
water dissociation in the feed gas with O, molecules diffused
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into the effluent from the surrounding atmosphere. The influ-
ence of the pinhole on the discharge was not investigated, but
it was pointed out that it can not be excluded that the way,
in which the low pressure experiment has been performed, is
responsible for the observed profile.

In this work, we build upon those initial observations and
show how spatially resolved density distributions in atmo-
spheric pressure plasma jets can be obtained by cw-CRDS. By
recording full spectra between 6637.6 cm™! and 6638.7 cm™!
in the effluent of the kINPen plasma jet with an acquisition
time of about 1 h each, as was done previously by Gianella
et al [18], obtaining a spatial distribution becomes time con-
suming. We will show that by using an alternative technique,
called the on/off-resonance method, the recording time can be
reduced significantly. Instead of taking full spectra, we will
demonstrate that measuring the absorption at two wavelengths
is sufficient to determine the density of HO,. By combining
axial and radial scans and performing an Abel inversion, we
determined a spatial map of the density of HO; in the effluent
of the plasma jet.

The remainder of this work is organised as follows. In
section 2, the plasma jet, the cw-CRDS spectrometer and the
procedure to obtain densities from full spectra are described.
Section 3 is divided into three parts: in the first part, section 3.1,
the on/off-resonance method is explained and the deter-
mined absorption coefficients are compared to the absorp-
tion coefficients obtained from full spectra. In the second
part, section 3.2, the effective absorption length at various
axial positions in the effluent is determined. In the third part,
section 3.3, it is explained how a spatial map of the HO, dis-
tribution can be obtained by performing an Abel inversion.
Based on that spatial distribution of HO,, the new insights into
the reaction kinetics of HO, in the effluent of a CAPJ are dis-
cussed in section 4. The paper concludes with section 5, which
provides a summary of the work.

2. Experimental setup

2.1. kINPen-Sci plasma jet

The plasma source investigated in this work, the so-called
kINPen-Sci, is the scientific version of the kINPen, a CAPJ
certified for medical applications. The device produces a
guided streamer discharge, which is driven in a dielectric cap-
illary (diameter: 1.6 mm) between a powered inner needle and
a grounded outer ring at a frequency of about 1 MHz [29].
We operated the kINPen with 3 slm humidified Ar carrier gas
(humidity: 3000 ppm). Therefore, 10% of the Ar flow was
guided through a water bubbler held at room temperature [18,
28]. In order to control the effluent’s surrounding gas envi-
ronment, the kKINPen was equipped with a gas curtain device
maintaining a total oxygen flow rate of 5 slm [18].

2.2. Cavity ring-down spectrometer

The experimental setup of the cavity ring-down spectrometer
is represented schematically in figure 1 and is the same setup
previously used in reference [18].

A distributed feedback diode laser emitting at
1506.4 nm (6638.2 cm™!) in a fibre-pigtailed butterfly

kINPen-sci

M CM
R=99,998 % ' R=99,998%

]

A=1506.4 nm

(6638.2 e ‘
A

AOM

TRIG

Figure 1. Schematic of the cw-CRDS setup for the HO, detection in
the effluent of the CAPJ kINPen-sci. DL: diode laser, AOM:
acousto-optic modulator, FC: fibre collimation package, CM: cavity
mirror, Piezo: piezo-electric transducer, DET: detector, AMP:
amplifier, TRIG: trigger circuit, DAQ: data acquisition module, PC:
personal computer.

package (NLK1S5GAAA, NTT Electronics), whose current
and temperature were controlled by a Thorlabs LDC200
current driver and a Thorlabs TED200 temperature controller,
respectively, was directed via an adjustable fibre collimation
package (CFC-8X-C, Thorlabs) and two protected silver
coated mirrors into the optical cavity, consisting of two high
reflectivity mirrors (Layertec, reflectivity R = 99.998%,
radius of curvature » = 1 m). These mirrors were separated by
a distance of L = 80 cm, yielding a minimum beam diameter
of 1 mm in the centre of the cavity. The output mirror was
mounted on a hollow cylindrical piezoelectric transducer so
that the length of the cavity could be modulated by a few
laser wavelengths. The exiting light was then focused with
an off-axis parabolic mirror onto an InGaAs photodiode
(DET10C, Thorlabs), whose photocurrent was amplified by a
transimpedance amplifier (DLPCA-200, FEMTO) and sent to
a home-built trigger circuit. A ring-down event was initiated
when the detector signal reached a preset threshold value,
triggering the switch-off of an inline acousto optic modulator
(Housego Fibre-Q, Gooch) located between the laser and the
fiber collimation package. The detector signal was simul-
taneously fed to a USB data acquisition unit (NIUSB6356,
National Instruments), which was controlled by a custom
LabVIEW (National Instruments) program running on a
standard PC used for further averaging and processing of the
data. The laser was tuned by changing the temperature and
keeping the current constant, whereby the wavelength was
calibrated with a wave meter.

In order to avoid dust particles crossing the laser beam, the
cavity was enclosed by an aluminium box with an acrylic glass
lid and quartz windows (volume: 36.8 1), which had openings
on the sides to enable gas exchange with the laboratory air.
On top of the lid, the plasma jet was fixed on a micrometer
stage to allow movements in all directions relative to the intra-
cavity laser beam. From previous investigations it is known,
that the effluent has a cylindrical shape [30]. Figure 2 shows a
schematic of the coordinate system used.
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Side
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Figure 2. Schematic of the coordinate system with the definitions of
X, y, z and the effective absorption length /.

6h HO,

z=1mm, x =0 mm

z=2mm, x =0 mm
z=3 mm, x =0 mm-
z=4mm, x =0 mm
z=5mm, x =0 mm
z=6 mm, x =0 mm
z=8 mm, x =0 mmJ}

(ct)' [107 ecm™]

z=10mm, x =0 m

P

6637.6 6638.0 66384 6638.8 6639.2 6639.6

Wavenumber [cm™]

Figure 3. The cavity losses % as a function of wavenumber for

different z-distances (1 to 10 mm at x = 0 mm and z = 8§ mm at
x = 13 mm).

In the following, z is defined as the distance from the nozzle
outlet to the laser beam along the symmetry axis of the effluent
of the plasma jet. The y-axis is defined as the axis parallel to
the propagation direction of the intracavity laser beam, which
crosses the effluent of the plasma jet in its centre, and the x-
axis is perpendicular to that. The effective absorption length
[ is given by the intersection at given positions x and z of the
absorption cylinder (see figure 2).

In order to obtain a spatial map for the HO, distribution in
the effluent of the plasma jet, the absorption coefficient of HO,
at various x and z positions is required. This was achieved by
acquiring ring-down data at discrete wavelengths as the laser
was tuned from 6637.6 to 6638.7 cm ™.

In figure 3, the cavity loss spectra ”1”) through the centre
of the effluent (x = 0 mm) at various axial positions between
z=1mm and z = 10 mm are depicted together with a spec-
trum taken at z = 8 mm and x = 13 mm, where 7(v) is the
measured ring-down time at frequency v and c is the speed of
light in vacuum. Each spectral point shows the average loss
rate calculated from 200 ring-down events. We identified the
strongest HO, absorption at 6638.21 cm~! and two absorp-
tion features of water at 6638.57 cm~! and 6637.85 cm™!.
Beyond the effluent at x = 13 mm, absorption from water

transitions was dominant and the absorption by HO, barely
visible. Between 6638.33 cm ™' and 6638.49 cm ™!, the absorp-
tion by water and HO, is small compared to other cavity losses.
We used the mean and the standard deviation of that region
in order to compare the plasma-induced cavity losses without
absorption features and the noise in the spectra at the different
z-positions.

At x = 13 mm and z = 8 mm, the cavity losses without
absorption were lower by a factor of 1.4 compared to the
spectrum through the centre of the effluent at the same axial
position. Additionally, the noise on the spectra decreased by
a factor of 2.2 for x = 13 mm and z = 8§ mm compared to
x = 0 mm and z = 8 mm. Measuring through the centre of the
effluent, the cavity losses without absorption increased from
3.6- 1077 cm~!, when the jet was located at z = 10 mm, to
5.4-1077 em~! forz = 1 mm, whereas the noise on each spec-
trum increased proportional to z~%°. This demonstrates, how
the plasma interferes with the cavity modes introducing addi-
tional fluctuations on the cavity losses due to fast changes in
the refractive index and gas turbulences.

For the determination of the HO, density, a correct evalu-
ation of the base line is crucial, which corresponds to a deter-
mination of the cavity losses induced by the plasma with-
out absorbing species. This is possible by applying a fitting
procedure of a full spectrum that simulates the absorption
features in order to separate absorption and non-absorption
losses.

2.3. Derivation of total number densities of HO, from cavity
ring-down spectra

The procedure to obtain total number densities from CRDS
spectrais described in detail in reference [18]. With CRDS, the
total cavity loss rate as a function of frequency v is measured,
which is inversely proportional to the ring-down time and
includes all possible loss mechanisms, such as light transmis-
sion through the cavity mirrors, absorption within the dielec-
tric coating of the mirrors, diffraction losses, scattering by
the sample (e.g., due to changes in the refractive index and
gas turbulences), and optical absorption, in particular, of the
molecules to be detected. Over the typical range of a measured
spectrum, only the optical absorption is strongly frequency
dependent, so the other loss mechanisms can be described by
a straight line defined by the constant by and a non-zero gradi-
ent b v accounting for slow changes of the mirror reflectivity
and thus of the ring-down time, due for example to material
deposition on the high reflectivity mirror coatings.

In addition to the HO, concentration located over a distance
[, the contribution of water that is assumed to be homoge-
neously distributed over the whole cavity length L needs to be
considered. The frequency-dependent absorption coefficient
a(v) is then given by

1 1 1
0= ) v
Lt b @)
c7(v)
[
= [H:0] o () + 7 [HO2 ] 0u(v) + €(w). 3)
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Table 1. Line positions, line strengths and assignment (as known so
far [33]) for the considered HO; transitions, measured by Thiebaud
et al [32] and determined by Gianella ez al [18].

Transition frequency Line strength Assignment
cm! x1072' cm? cm ™! [33]
6637.47 1.00 9Py(13)
6637.60 0.99 1Py(13)
6637.64 1.11

6637.74 1.67

6637.78 1.28 105(4)
6637.83 1.16 105(5)
6637.85 1.66

6637.87 1.12 105(6)
6637.89 0.89 105(7)
6637.95 0.79

6637.97 0.87 9105(8)
6638.00 1.04 105(9)
6638.04 1.04

6638.12 3.86 9Py(6)
6638.16 0.67

6638.21 7.09 105(4-9)
6638.40 0.65

6638.44 0.49

6638.52 0.32

6638.59 0.92

6638.70 0.46

6638.74 3.06 9P1(5)
6638.76 1.37 9P (5)

where ¢ is the speed of light, 7(v) is the measured ring-
down time, 7( is the ring-down time of a cavity without
absorbing species, [H,O] and [HO,] are the molecular den-
sities of water (W) and HO, (H); ow(v) and oy(v) are the
frequency-dependent absorption cross-sections for water and
HO,, respectively, and e(v) is the residual.

One difficulty when determining the absolute species den-
sity is the necessity to use an (often unknown) absorption
cross-section. Furthermore, the absorption lines are signif-
icantly broadened by pressure broadening at atmospheric
pressure and have to be described by an area normalized

Voigt profile ¥ (1/ — 1/8’); 7). However, the pressure broad-

ening coefficient y for the transition ¢ with the frequency v
is also often unknown. For overlapping transitions, the total
absorption cross-section o (v;7y) is composed of the superpo-
sition of the contributions for all transitions ¢ at frequency v

sy =Y SV (l/ - s 7) , “)

where .7 is the line strength of transition 7.

Here, the absorption cross-sections for transitions of the
combination bands 2v, + vz and 3v, + v3 of water were taken
from Gianella e al; they have computed ow for different
mixtures of Ar:0,:N, using the tabulated line strengths in
the HITRAN database [31] and experimentally determined
pressure broadening coefficients [18].

For HO,, spectroscopic data are relatively rare, as these rad-
icals are difficult to produce with a known quantity. Thiebaud
et al reported transitions of HO, between 6638.7 cm~! and

T T 1 1
Ao, + o fit

6 F

1
on-resonance
at 6638.21 cm’!

| «—

experiment

off-resonance

Absorption coefficient [10® cm™]

at 6637.66 cm™
oR - — "

3 residual from fit B
0 -WWW\MWWM
1 1 1 1 1 1
6637.6 6637.8 6638.0 66382 66384 6638.6

Wavenumber [cm™]

Figure 4. Baseline corrected absorption coefficient spectrum for

3 slm Ar with 3000 ppm water in the feed gas and a 5 slm oxygen
gas curtain, taken at x = 0 mm and z = 6 mm (black line) together
with the corresponding fit (red line, see equation (3)) with the
individual contributions of water (blue surface) and HO, (green
surface). Also given is the residual of the fit.

6637.6 cm—! measured in 50 Torr of helium [32] and Gianella
et al have visually determined all the significant transitions in
that range [18]. Table 1 shows the considered line positions
with the corresponding line strengths and assignments [33].
Only Ibrahim et al reported air-broadening coefficients for
34 HO, transitions between 6631 cm~! and 6671 cm™! with
values ranging from 0.078 to 0.154 cm™!atm™! (half width
at half maximum) [34]. For our argon-water-oxygen mixture,
significantly different values should be expected. Gianella
et al determined the pressure broadening of HO, in argon-
water-oxygen-nitrogen mixtures to be between 0.040 and
0.072cm ! atm ™! depending on the composition of the curtain
gas, using a fitting routine of full spectra based on equations (3)
and (4), where v was assumed to be constant for all consid-
ered transitions [18, 28].

Using the same fitting routine as described in reference
[18] for our absorption spectra, we determined the pressure
broadening coefficient vy, the baseline coefficients by, by, and
the densities [H,O] and [HO;]. An example spectrum, taken
at x = 0 mm and z = 6 mm, is shown in figure 4, together
with the fit for the contributions of water and HO, and the
corresponding residual from the fit. In this case, vy was deter-
mined to be 0.043 & 0.004 cm~' atm~'. The pressure broad-
ening coefficient has about the same value for all measured
z-positions and is close to the value Gianella et al have reported
[18, 28]. From gas flow experiments and simulations it is
known that the gas flow through the plasma jet is turbulent [35,
36], resulting in an effective mixing of feed and curtain gases.
Under these conditions, the assumption to use the same pres-
sure broadening coefficient for all axial and radial positions
seems to be valid. However, to obtain a full spectrum at a spe-
cific radial and axial position, a few hundred data points need
to be recorded, whereby each data point was determined by
averaging 200 single ring-down events. This procedure takes
about 1 h, and achieving a map of the spatial density distribu-
tion of HO, becomes time consuming. In order to reduce the
acquisition time significantly, we applied the on/off-resonance
method discussed in the next section.
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3. Results

3.1. On/off-resonance method to obtain absorption
coefficients

The on/off-resonance method is based on the measurement of
the cavity losses at only two different wavelength positions.
For the first position, we chose vy, = 6638.21 cm™~!, where
the absorption of HO; has the highest absorption cross-section,
hence called on-resonance (see figure 4). At this position, the
absorption cross-section of water is several orders of magni-
tude lower than the cross-section of HO», so that the contribu-
tion of water can be neglected even at densities of water in the
range of 10'” cm~3 expected for ambient conditions. Unfortu-
nately, there was no wavelength position without a contribu-
tion of HO, within the tuning range of the laser. Therefore, we
selected v = 6637.66 cm ™! for the off-resonance position,
because of the negligible contribution of water and the lower
density of HO, (see figure 4). Since the gradient of the base
line was assumed to be small, the residual for both wavelength
positions is similar. Taking the difference of the cavity losses
at the two chosen wavenumbers and using equation (3), we
determined the difference in the absorption coefficient A« to

be | |
Aa= cT(Von) a cT(Vofr) ®)

/
= [HO2] 7 (o1 (Won) — on (o) (6)

l
= [HO,] ZAUH- (N

We obtained Aoy = (4.5+0.4)- 102 cm? from a fit of
the full absorption spectrum (see figure 4) with a pressure
broadening coefficient of 0.043 + 0.004 cm~! atm ™! that was
assumed to be the same for all axial and radial positions.

For each on- and off-resonance wavelength position, 2800
ring-down events were recorded and the mean value and the
standard deviation were calculated to determine Acv, where the
\/ 02, + 02 with the stan-
dard deviations d,;, and d.¢ for on- and off-resonance position,
respectively.

In figure 5, values for A« at x = 0 mm derived from the
on/off-resonance measurements as a function of z are shown
together with values of A« obtained from a fit of full spectra
for various z-positions. Within the error, both data sets agree
with each other. As the on/off-resonance method gives similar
results to the recording of full spectra, we concluded, that it
is sufficient to measure at two wavelength positions, on- and
off-resonance, in order to obtain the densities of HO.

To calculate absolute number densities, the effective
absorption path length /, over which HO, is distributed, has
to be known at each z-position. This point is discussed in the
next section.

error in A« corresponds to o =

3.2. Determination of the effective absorption length of HO»

In order to determine the effective absorption length as a func-
tion of z, we measured the difference in the absorption coef-
ficient A« at various x-positions in steps of Ax = 0.25 mm

A [10% em ™)
NS
—0—

1F A fit of full spectra
O on/off-resonance method

0 2 4 6 8 10

z [mm]

o

Figure 5. A« as a function of z at x = 0 mm, obtained from
on-off-resonance measurements and from a fit of full spectra.

over the complete diameter of the effluent. In figures 6(a)—(e)
the measured values for A« as a function of the distance to the
symmetry axis through the effluent centre x at z = 2,4, 6,8,
and 10 mm, respectively, are presented. All radial scans could
be described by a Gaussian function, whose width increased
with increasing z-distance according to

A(z)

X — X¢ 2
ENG exp{‘z( o) }*A%ff’ v

where A(z) is the area of the Gaussian function obtained at
the position z, w(z) is the Gaussian width at the position z,
X. is the centre position of the Gaussian function at the posi-
tion z, and Acqyg is an offset-value. We determined w to
be 1.73+0.20 mm at z=2 mm and 1.51 +£0.08 mm at
z =4 mm, respectively, which is consistent with the diam-
eter of the plasma jet nozzle, which is 1.6 mm. Between
z =4 mm and z = 10 mm, w increased linearly with

Aa(x,z) =

w(z >4 mm) = (0.17+£0.02) - (z — 4) + (1.52 +0.16) mm.

(&)
In order to determine the HO, concentration in the effluent, the
effective absorption length / was defined by

l(z) = 2.576 - w(2), (10)

the distance between the base points of the Gaussian distribu-
tions, which represent the limits containing 99% of the area of
the Gaussian functions. We obtained an effective absorption
length [, which was constant at / = (3.9 & 0.5) mm between
z=2 mm to z =4 mm and increased linearly to / = (6.7 £
0.1) mm from z = 4 mm to z = 10 mm. From schlieren mea-
surements, gas flow observations and simulations it is known
that within the first 4 mm below the nozzle, the effluent diame-
ter remains constant, which is in agreement with our observa-
tions, taking the error into account. Furthermore, the values for
[ as a function of z are in agreement (within 10%) with those
investigations [30, 35].

In figure 7, the densities of HO, are displayed as a func-
tion of z, obtained from the on/off-resonance measurement
at x = 0 mm and from fits of full spectra at x = 0 mm. The
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Figure 6. A« as a function x at various z-positions together with Gaussian fits.

absolute number densities were determined by using an effec-
tive absorption length / as given in equation (10). Therefore,
a homogeneous distribution of HO, over the diameter [ was
assumed. Within the error, the densities obtained from both
methods are in agreement with each other. Between z = 1 mm
and z = 4 mm the density of HO; increased from (1.4 £ 0.4) -
10'* ¢cm™3 to a maximum of about (2.3 4+ 0.3)- 104 cm~3.

After this, the density of HO, decreased linearly with increas-
ing z to (0.8540.12) - 10'* cm~3 at z = 10 mm. The density
atz = 10 mm is about 2 times higher than the density obtained
by Gianella et al corrected for the difference in the enhanced
absorption length [18]. This could be due to a higher resolu-
tion positioning system used in the current work, and the fact
that the current kINPen device is of a different age than that
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Figure 7. Line-of-sight averaged density of HO; as a function of z at
x = 0 mm obtained by on/off-resonance measurements and by a fit
of full spectra. The number densities were evaluated for

l(z) = 2.576 - w(z), where w(z) is the width of the radial
distributions at each z-position.

used previously [18, 28]. It should be emphasised, however,
that the difference in number density is only a factor of two,
and the trends and the deduced reaction chemistry show good
consistency within the operating parameters.

For all Gaussian fits, we determined a small offset
value Acqyg, indicating an absorption of HO, which is
distributed beyond the effluent diameter. Using this offset
value for equation (7) and assuming an absorption length
| =L = 80 cm, we obtained a mean background density of
ny = (6.5 £ 1.5)- 10'° cm~3 for all radial scans. This back-
ground density is also about a factor of 2 higher than that
obtained previously in reference [18].

How the spatial distribution of HO; in three dimensions can
be obtained by using the on/off-resonance method is discussed
in the next section.

3.3. Determination of the spatial distribution of HO»

To determine a radial density distribution for an axially sym-
metric sample from a line-of-sight measurement as given by
CRDS, the line-of-sight absorption is measured at different
radial positions x maintaining the z-position and scanning at
least half of the sample’s diameter.

With the on/off-resonance method, we determined that
the radial scans are Gaussian-like with a Gaussian distribu-
tion in Ac (see equation (8)). Performing an Abel inversion,
</, on such a radial scan and with a coordinate transfor-
mation x — X = x — x., we obtain the absorption coefficient
Aa(p,z), which is constant on a circle with a given radius
p = v/ (x — x.)* + y? with the centre position (x., 0) and at the
axial position z:

Aalp,z) = o [Aa(x,2)] (11)
1 [~ dAax,2) dx
__ 12
W/p ¥\ /(x — x) — p? (12
_2AR) L,
= w0 exp{ 2w2(z)} (13)

6 T T T T T T T

HO, density [10™ cm™]

x [mm]

Figure 8. Density of HO, as a function of x for y = 0 and
z=12,4,6,8, and 10 mm.

N W A

nozzle

y [mm]
o

x [mm]

Figure 9. Density distribution of HO, as a function of x and y at

z = 6 mm together with a shape of the nozzle outlet. The maximum
of the distribution is slightly shifted with respect to the centre of the
effluent.

Considering the uncertainties dA(z) and dw(z) of the area and
the width, respectively, obtained from the fitting procedure
of the experimental radial scans by a Gaussian function, the
uncertainty of Aa(p, z) can be expressed by

0Aa(p,2)

B (Aa(p, z)éA(z)) 2+ ( 4A(Z) exp {—2p? Jw?(2)} 5w(z)> :
- AR) T (2) '

(14)

The spatial density of HO, can then be calculated by using

equation (7)

A s
a(p, 2) L

[HO2](x,y,2) = Aoy

5)

and the error is given by

0[HO:](x, y,2) = \/(ML

) 2 ( Aalp,z)0 Aoy L) 2
(Aoy)’ ’

(16)

AJH
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Figure 10. Localised density of HO, illustrated in two different planes cut along the symmetry axis of the plasma jet at two y-positions.

with Aoy = 0.4 - 1072 cm?.

In figure 8, the density distributions of HO, as a function
of x for y = 0 mm and for various z-positions are depicted. An
inter-sectional area of the distribution of HO, as a function of
x and y at z = 6 mm is illustrated in figure 9 together with a
shape of the nozzle outlet, which was shifted by x. = 0.23 mm
compared to the maximum of the HO, density.

Since all radial profiles have a Gaussian shape with increas-
ing width for an increasing z-distance, we can determine the
spatial distribution of HO, along the symmetry axis of the
effluent by a combination of an axial scan of the absorption
coefficient Aa(x = 0, z), which is given in figure 5 and by
equation (8), and by using equation (13) and equation (15) to

Aa(x = 0,z2) exp {—2’]:2(;3 }
AO’H '

L
w(z)\/5 )

In order to obtain the localised density of HO, along the sym-
metry axis of the plasma jet as a function of x and z at var-
ious y positions, we interpolated between the measured val-
ues for the effective absorption length to achieve a function
for w(z). Furthermore, we used a third order polynomial fit to
describe the absorption coefficient Aa(x = 0, z) as a function
of z (see figure 5). In figure 10(a) and (b), the localised den-
sities of HO, along the axis of symmetry at y = 1.5 mm, and
y = 0 mm are demonstrated. These figures show that it is pos-
sible to obtain the spatial distribution of HO; in the effluent
(in three dimensions) of the kINPen with cw-CRDS by mea-
suring the absorption along the symmetry axis and the radial
distribution at different z-positions.

[HOZ](}C, Yy, Z) =

4. Discussion

Previously, Gianella et al investigated the radial distribution
of HO, produced in a CAPJ by sampling the effluent over a
pinhole and expanding it to 5.33 kPa. At low pressure, they
obtained a doughnut-like shape with the maximum HO, den-
sity at p = 1 mm and a dip in the centre. According to their

findings, they proposed a production of HO, by the reaction
of H atoms, formed by the dissociation of water in the plasma
zone and the effluent, and oxygen, which diffused from the sur-
rounding atmosphere into the effluent. They also mentioned
that the experimental procedure could be the reason for the
observed profile and that further investigations were necessary
[18].

Here, we determined the spatial distribution at atmospheric
pressure in the effluent directly and observed a Gaussian dis-
tribution in radial direction that has its maximum at the centre
of the effluent (see figure 8). This centre was slightly shifted
with respect to the symmetry axis through the centre of the
nozzle (see figure 9), which could be explained by an asym-
metry in the filamentary discharge in the plasma zone of the
plasma jet, where one direction for the filament is preferred.
In this direction, the production of H atoms is larger than in
the overall plasma zone leading to a formation of HO,, which
has its maximum off the centre.

The spatial distribution of HO; in the effluent at y = 0 mm,
as depicted in figure 10(a), shows first an increase of the den-
sity of HO, on the symmetry axis starting from (1.8 + 0.6) -
10" cm™® at the nozzle outlet to its maximum concen-
tration of (4.8+0.6)-10' cm™> at about 4 mm below
the nozzle. After that, the density gradually decreases to
(2.040.6) - 10" cm 3.

The density of HO, at z = 0 mm would imply an effec-
tive diffusion of the gas curtain into the effluent beginning at
the nozzle outlet, which is in contrast to the investigations by
Diinnbier et al [37] and by Schmidt-Bleker et al [38]. Both
determined that the effective diffusion of oxygen from the gas
curtain starts at about 4 mm below the nozzle. Hence, we con-
cluded that part of the HO, was already produced in the plasma
zone inside the kINPen device. Therefore, a certain amount of
oxygen has to be present within the feed gas.

Winter et al investigated the feed gas humidity in the plasma
jet for different kinds of gas tubing, metal and polymeric tub-
ing [13]. The initial water concentration in polymeric tubing
was about 1000 ppm, which could be reduced to less than
70 ppm after 3 h purging. This initial water concentration can
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be explained by diffusion of water vapour from ambient air
into the tubing. As the kINPen-Sci, investigated in this work,
was built with the same polymeric tubing a feed gas humidity
of about 100 ppm after 15 min argon flow can be expected.
If water from the surrounding atmosphere can diffuse into the
tubing, it is not unreasonable to assume that O, and N, can
diffuse into the gas tubing and thus into the feed gas as well.
Based on the permeability of the tubing for oxygen and nitro-
gen, we conclude that the amount of diffused oxygen through
the gas tubing is insufficient on its own to explain the HO,
densities measured close to the nozzle.

An additional source of oxygen in the plasma zone can be
found by considering the discharge dynamics of the kINPen.
From previous investigations of the kINPen it is known that the
discharge behaviour is similar to the guided streamer forma-
tion that occurs in kHz plasma jets [21, 39]. Schmidt-Bleker
et al observed a backwards directed excitation wave (oppo-
site to the gas flow) in a kINPen operated in helium, which
required the presence of oxygen in the curtain gas. The speed
of this backwards directed excitation wave was 4200m s~! for
a pure O, curtain [38], which is much higher than the gas flow
of about 25 m s~ !. Reuter et al also observed a similar feature
when operating the kINPen in argon [40]. With this backwards
directed excitation wave, air can diffuse into the plasma zone
resulting in a source of oxygen [41], which would lead to a
significant formation of HO, at the nozzle outlet. This aspect
of the discharge dynamics and its influence on the reaction
kinetics deserves further attention.

Finally, in figure 10(b), the spatial distribution of HO; along
the symmetry axis at y = 1.5 mm is shown. A significant HO,
density could only be determined starting from z = 4 mm. This
could either be due to the size of the effluent that starts widen-
ing at z = 4 mm or can be caused by a production of HO, by
oxygen from the surrounding atmosphere. In the latter case, a
significant density of H atoms needs to be present 4 mm below
the nozzle at y = 1.5 mm. Therefore, further investigations are
required.

Itis clear that a simple plug flow model cannot fully explain
the spatial distribution of HO,. Furthermore, the determined
spatial distribution of HO, clearly demonstrates that for a reac-
tion kinetics model, the plasma zone needs to be considered as
well as the outward diffusion of the effluent gas and the inward
diffusion of the surrounding atmosphere.

5. Conclusion

This work has successfully demonstrated that CRDS can
deliver spatial information about the density distribution of
transient species. Furthermore, it is shown that instead of tak-
ing full spectra the on/off-resonance method is a viable tech-
nique to determine absolute number densities by measuring the
absorption at two wavelengths, which reduces the acquisition
time significantly.

We employed a cavity ring-down spectrometer with a cw-
laser source emitting at 1506.4 nm (6638.2 cm™ ') in order
to investigate the spatial distribution of HO, in the effluent
of the cold atmospheric pressure plasma jet kINPen-Sci. By
sampling the effluent perpendicular to the laser beam along

the x-axis, we determined the distance [, over which HO,
was distributed. All measured distributions have a Gaussian
shape. We obtained an effective absorption length I/, which
was constant at / = (3.9 + 0.5) mm between z =2 mm to
z =4 mm and increased linearly to / = (6.7 = 0.1) mm from
z=4 mm to z =10 mm. Accordingly, we calculated the
line-of-sight averaged density distribution of HO, along the
symmetry axis.

In order to determine the spatial distribution of HO,, we
performed an Abel inversion on the Gaussian distributions
of the radial scans. By a combination of the radial distribu-
tions and an axial scan of the absorption coefficient along
the z-axis, we obtained the localised density of HO, along
the symmetry axis of the effluent in x and z direction. The
maximum HO, concentration of (4.8 & 0.6) - 10" cm—3 was
found on the symmetry axis through the centre of the nozzle at
z=4 mm, which corresponds to a line-of-sight averaged
density of (2.3 £0.3) - 10" cm—3.

From the local HO, density of (1.8 & 0.6) - 10'* cm 3 at the
outlet of the nozzle, we concluded that a significant density of
HO, was produced within the plasma zone of the plasma jet.
This requires a source of oxygen in the plasma zone, which
is most likely due to diffusion of ambient air into the capil-
lary caused by a backwards directed excitation wave and by
diffusion into the gas tubing.

For a more detailed analysis of the reaction cycle of HO,,
the spatial distribution of H atoms in the effluent and a
2-dimensional reaction kinetics model that includes reactions
in the plasma zone and the effluent, considering also the radial
diffusion of the surrounding atmosphere, are required and are
part of further investigations.
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