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Abstract. The absolute densities of O and O3z in the effluent of a kINPen, an atmospheric pressure plasma
jet, are determined by molecular beam mass spectrometry. A nitrogen gas curtain surrounding the efluent
provides a stable environment and prevents interactions with the ambient air. Both He and Ar were used as
feed gas with admixtures of O2 up to 1%. Measurements are performed at discharge voltages from 1600 to
3000 Vpp, and at distances from 5.5 to 10.5 mm from the nozzle of the gas shielding device to the orifice of
the mass spectrometer. The measured O atom densities are in the order of 1 x 10 cm ™ to 2 x 10'% em ™3,
whereas the O3 molecule densities are in the order of 1 x 10" cm™3 to 5 x 10'* cm ™3, respectively, when
operated in argon the plasma generates higher densities of reactive species. Additionally, a novel molecular

beam chopper design with linear movement has been successfully tested in the mass spectromerty setup

as an alternative to a rotating chopper.

1 Introduction

In the past decades, a wide variety of cold atmospheric
pressure plasma jets (APPJ) have been developed and
studied [1-3]. Their unique properties are used for dif-
ferent applications in plasma medicine [4,5], thin film
deposition [6,7], production of nanoparticles [8] and
surface modification [2,9,10].

Cold (or non-equilibrium) plasmas have different
temperatures for hot electrons and cold heavy particles
(neutrals and ions). The electron temperature of these
jets is in the order of 1 eV [9,11] (1 eV & 11000 K [12])
while the temperature of the heavy particles is still close
to room temperature. Due to inelastic collisions, the
electron kinetics enables chemical processes that nor-
mally require high temperatures [13]. The plasma pro-
duces different species like ions, radical species, excited
atoms/radicals/molecules and VUV radiation.

In APPJs, the feed gas flows through a discharge
volume. The reactive particles produced in the plasma
zone are carried outside of the discharge volume by the
gas flow with diffusion much slower compared to convec-
tion. This effect leads to the formation of the so-called
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effluent outside of the actual discharge volume. Often,
a distinction is made between three regions: the core
plasma, the effluent and the far field further down the
gas stream.

APPJs are often operated with Ar or He as feed gas

with admixtures of molecular gases up to a few per-
cent [2]; sometimes they are even operated with air [3].
One focus of research is on the description and diagnos-
tics of radicals and excited species. When operated with
N2 /O admixtures or in air, respectively, so-called reac-
tive oxygen and nitrogen species (RONS [5]), like, e.g.,
O, NO, NO; and Os, are produced by the APPJs [14-
16].
Absolute particle densities of RONS have been mea-
sured by means of optical methods [16-21] or by molec-
ular beam mass spectrometry (MBMS) [17,22-25] for
different plasma sources and various experimental con-
ditions. The particle densities are dependent on gas
composition, humidity of the feed gas, applied discharge
voltage and geometry of the jet [11].

For the kINPen, the densities of many different
RONS have been measured for different conditions (dis-
tance to nozzle, far-field vs. effluent, different admix-
tures, different gas curtain, etc.) [9,16-18], but most
of these measurements have been performed in the far-
field region with Ar as feed gas. Most of the studies
are conducted by optical methods like absorption spec-
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troscopy or laser-induced fluorescence (LIF), but only
very few have employed mass spectrometry [17,26,27].

In the present study, measurements of absolute den-
sities determined by MBMS in the effluent of a kKINPen
operated with Ar and He are described. Since an exten-
sive overview for MBMS of APPJs is given in [28,29],
only a brief summary of the theory is provided here. In
particular, a novel setup for particle extraction MBMS
is described in more detail, whereas the kINPen itself
is described elsewhere [9].

2 Experimental setup

2.1 Plasma jet

The kINPen was designed at the the Leibniz Institute
for Plasma Science and Technology (INP) Greifswald.
It is a radio-frequency (RF)-driven APPJ, the plasma is
ignited at a central high-voltage needle inside a dielec-
tric capillary (see Fig. 1). At present, different modi-
fications and commercially available designs of this jet
type exist [9].

The plasma jet used in this study is a KINPen Sci [26].
In contrast to other kINPen designs, this version has
an output for voltage and current measurements for
electric diagnostics [9]. Its operating frequency is about
900 kHz. The amplitude of the applied voltage is in the
range of 1300-3000 V,,, at a flow rate of 3 slm of Ar or
He, respectively, with admixtures of Oy up to 1%. In
order to produce a controlled atmosphere around the
effluent, a shielding gas device is mounted on top of the
RF head [30,31]. It produces a gas curtain and, thus,
shields the effluent during operation from the ambient
air. The influence of the gas admixture on the absorbed
power has been characterized for similar jets before [32—
35], and its dependence has to be kept in mind when
comparing results among different admixtures.

The length of the effluent depends on the applied
voltage and the gas composition [18]. The higher the
applied voltage the longer the effluent becomes and the
higher the Oy admixture to the feed gas the shorter
the effluent. When the effluent comes close to the aper-
ture of the MS, filaments between the kINPen and the
aperture can be sometimes observed. These filaments
should be avoided, because they alter the plasma prop-
erties [36]. The gas flow is regulated by MKS flow con-
trollers. A photograph of the kINPen in front of the
mass spectrometer is shown in Fig. 2.

2.2 Plasma chemical processes in the kINPen

Occurring processes of ionization, excitation and frag-
mentation of molecules/atoms by the jet plasma and
the formation of particles are studied in several papers
related to the plasma chemistry. The most important
reactions leading to the formation of atomic O and Og
molecules are
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Fig. 1 Schematic of the kINPen head with gas curtain.
The feed gas passes the powered electrode. The gas shielding
device is mounted on top of the kINPen head and fixed in
position by an O-ring

Fig. 2 Photograph of the kINPen (left) in front of the
aperture of the MBMS (right)

Os + X* — 2 O + products, (1)
O+02+M— O3+ M,

kpe = 3.40 x 10734 (T,,/300) " cm®s~1[37],
kar = 6.4 x 1073% - exp(663 /T )cmOs~1[38],

(2)

where X* may be an exited particle, a fast electron or
a UV photon with sufficient energy. M is an arbitrary
third particle, ka, is the rate coefficient for Ar, ky, for
He as third particle. Competing, but slower reactions
for the destruction of O are:

O+0+M— Oy +M,
ke =1 x 10732 em®s~1 [37],
{kAr =5.21 x 1073% - exp(900/T)cmb s~ [38].
(3)
O+ 03 —2-0q,
k = 8.0 - exp(—2060/T,)10~ ' cm®s~*[39)]. (4)

More information on collisions at elevated pressure
for plasma chemical processes of APPJs can be found
in the literature, e.g. [3,37,38,40-43], rate coefficients
can be found at NIST kinetics database [44] or IUPAC
AERIS [45).
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Fig. 3 Schematics of the new chopper concept. a Cut through exploded view. b Photograph of the skimmer inside the
first stage. The aperture would be in front of the slot. ¢ Top view of the three stages. The Skimmer moves perpendicular

to the plane of paper

2.3 Molecular beam mass spectrometry
2.3.1 The mass spectrometer

The setup of the mass spectrometer is based on the
HPR60 differential pumping stage by HIDEN Analyti-
cal Ltd [46]. The two-stage-HPR60 pumping stage was
equipped with an additional first stage containing a
chopper. The design is based on the principle of the
rotating skimmer described in [47]. The rotating skim-
mer was already successfully demonstrated for investi-
gations by other research groups [22,34,48].

In this novel setup, a linear moving skimmer is placed
on a moving slide driven by a stepper motor outside the
vacuum. The setup of the chopper is shown in Fig. 3.
The chopper is placed in the first stage. The used mass
spectrometer is an EPIC1000. It consists of an ionizer,

a quadrupol mass filter and a secondary electron multi-
plier (SEM) detector. An integrated multichannel scaler
(MCS) is used to achieve a time resolution of 5 ps.

To prevent UV radiation produced by the plasma
from reaching the detector, the EPIC1000 is mounted
under a small angle of 4°. This measure is necessary
because the EPIC1000 does not have an energy filter,
which is otherwise blocking the line-of-sight from the
ionizer to detector. Common energy filters are a Bessel
box or a sector field electrostatic energy analyzer.

The ambient atmosphere can enter into first stage
through an orifice (diameter d = 50 pm). When the
skimmer is aligned with the orifice, a molecular beam
(MB) forms behind the skimmer and expands into the
second stage (see [28,49]). When the skimmer is not
aligned with the orifice the movable stage is blocking
the incoming gas from directly entering the second stage
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and it is confined to the first stage and exhausted only.
A small fraction of it enters the subsequent stages lead-
ing to a slight increase in the gas pressure compared
to a fully sealed second stage. The stepper motor’s fre-
quency was tested in the range up to 20 Hz. Higher fre-
quencies might harm the mechanical construction and
have not been tested. The synchronisation of the chop-
per and the measurement is done by a photoelectric
sensor. During one cycle, the chopper is opened twice.

The particle composition along the MB axis is not
constant and changes due to composition distortion
effects [28,29,50]. This effects include acceleration into
the sampling orifice, strong radial gradients in the MB
and Mach number focusing. Particles inside the ionizer
are ionized by electron impact ionization (EII). Often,
there is a shift between the selected energy in the soft-
ware and the real (peak) electron energy [23,24]. For
our ionizer, this shift is 1.5 V. This difference was deter-
mined by comparing the measured ionization potentials
of different gases (Ar, Oy, N3) to their literature values
(taken from NIST [51]).

2.3.2 Evaluation of a signal

The signal S; of species ¢ at the detector consists of two
contributions: the background signal due to residual gas
particles inside the ionizer and the contribution from
the MB related to the APPJ operation [24,28,29,52].
Only the contribution from the MB is the desired sig-
nal of interest. The background is not constant over
time, but rises when the chopper is partially or fully
opened and decreases exponentially with time when the
chopper is closed. When the chopper is fully open, the
increase in the signal is solely determined by the ris-
ing background. At a chopper frequency of 20 Hz, this
increase can be approximated as linearly.

To determine the signal S, an assumption for the
background has to be made. Here the background
before the time-resolved signal is assumed constant
and after the time-resolved signal to decrease linear
(approximation of the exponential decrease). To avoid
an influence of different transit times or geometrical
effects of the sampling region, the fit is made 1 ms
after the chopper is closed. The interval for the fit is
1 ms. The backgrounds are then extrapolated to the
time when the chopper is fully opened. The contribu-
tion of the MB is determined as difference of the aver-
age signal during the time when the chopper is fully
open and the mean of the background. Examples for
the evaluation of COs, O and Ogj are shown in Fig. 4.

2.3.3 Calibration for absolute densities

The signal S; of species i at the detector is given by [28,
53]

Si = nioi(E)T (m;)O(m;)BIL. (5)

The particle density inside the ionizer is denoted by
n;, o; denotes the energy-dependent cross section for
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Fig. 4 Exemplary measurements for the evaluation of the
signal. Only the first opening time is shown. The counts
are black (1, 5), when the chopper is closed, orange when
the chopper is partially opened (2, 4) and blue when the
chopper is fully opened (3). The approximated background
and the fit region are plotted in red. The top shows a CO2
signal, the second an O signal and the last one an O3z signal.
The feed gas was He for all three measurements

electron impact ionisation (EII), 8 the extraction effi-
ciency of the ionizer, I the electron current and L the
length of the ionizer. T" and © are the mass-dependent
transmission function and detection probability, respec-
tively.

Because T'(m;), ©(m;) and § are unknown, a cali-
bration is performed for each species. This calibration
process is similar to the one described in [26,34]: A gas
box is placed in front of the mass spectrometer. A con-
stant gas flow creates a controlled atmosphere inside
the gas box, which is determined by the ratio of the
gas flows of the different gases. The composition has
to be similar to the situation for the KINPen operation
(He/Ny or Ar/Ny, respectively) to have the same dis-
turbing effects in the MB. A stable gas (Ne, CO3) is
then added in different amounts up to 1% of the total
gas flow to this atmosphere. The particle density of the
calibration species n., is calculated as its fraction of
the total flow.

A linear fit

Secal = Neal - @ 4 offset (6)

is performed. In an ideal case, the offset should be 0,
but for some gases a small signal can be observed even
without admixture (either from impurities or from a
small fraction of air still entering the mass spectrome-
ter). This offset is ignored for the calibration procedure,
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Table 1 Species with their respective calibration species

Measured species Calibration species

Name m/u FE/eV Name m/u FE/eV feal/ fi
(0] 16 16 Ne 20 25 0.82
O3 48 70 CO2 44 70 1.08

All other species (He, Na, Og, Ar) are measured at 70 eV
and are not calibrated

Table 2 Used cross sections for the calibration

Species Energy in eV opmn in cm? Source
0 15 1.41 x 1077 [55]
Ne 25 3.7 x 10718 [56]*
03 70 1.07 x 1077 [57]
CO, 70 2.26 x 10716 [58]

AThere are different cross sections given by different stud-
ies [56,59]. The higher estimate is chosen

because the radical species do not have an offset in the
signal.
The density n; of species 7 is then given by

Necal . Ocal T(mcal) @(mcal) -9 . l . Ocal fcal
T(m;) ©(m;) a0 fi
(7)

with f..; and f; being the mass-dependent transmission
function. The function f(m) is assumed to follow the
relation f oc m™% [34,54].

The calibration is performed for each of the two open-
ing signals separately. The shape of the time-resolved
signal depends on the chopper velocity. Additionally,
small misalignments from the center (either along or
perpendicular to the direction of chopper motion) can
cause that the measured profiles look different for the
two directions of the chopper motion and can provide
different signal intensities (within 10% difference). An
average of both is, therefore, taken as the measured sig-
nal intensity. A list with each measured species and its
calibration gas is provided in Table 1. The used cross
sections are given in Table 2.

’I”L»L:Sl

Scal gi

2.4 Alignment of the kINPen

To correctly align the kINPen with the orifice of the
MS, the plasma jet is mounted on two perpendicular
X—-Y tables. The kINPen can thereby be moved in three
dimensions. First, the kINPen is positioned to be in line
with the MS. The precise alignment is done by moni-
toring the Ny signal with the mass spectrometer and
adjusting the kINPen to minimize it. This is the same
as maximizing the feed gas signal, but more precise.

To avoid temperature drifts having an effect on the
measurements, the parameter variations are performed
in random order. Therefore, the observed trends are
real trends and not effects of temporal or temperature
drifts.
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The aging of the secondary electron multiplier detec-
tor is negligible for the time duration of our measure-
ment campaigns. The absolute values of the cross sec-
tions are known with a certain accuracy. For most
species the uncertainty of their absolute cross sections
is in the range of 5%. But for Ne there are two values
provided in literature with different cross sections at
25 eV that differ by a factor of 1.48 [56,59]. Following
[60], the higher value is used.

3 Results

In this section at first, the ratio of feed gas to gas curtain
as well as the dependence of the signal on the MS emis-
sion current, both without the plasma, are described.
Then, the variation of the applied voltage, the varia-
tion of the distance between nozzle and orifice of the
MS and the variation of the oxygen admixture are pre-
sented. All measurements are performed at a gas flow
of 3 slm for the feed gas and a flow of 5 slm Ny for
the gas curtain. For these measurements, the signals of
0O, O3, N5, O3 and the feed gas have been recorded. To
achieve an acceptable signal-to-noise ratio, the accumu-
lation times for one species were between 3 s (Ar, No)
and up to 20 min (O).

3.1 Ratio feed gas to gas curtain

For the calibration, the ratio of feed gas to curtain gas
must be known. To obtain the ratio for Ar, the com-
position of Ar and Ny in the gas box was varied from
100% Ar to 100% Ny within 10 steps. The ratio was
compared to the ratio when using the kINPen (3 slm
Ar as feed gas and 5 slm Ny curtain). For Ar, the atmo-
sphere in front of the orifice consists of 18 £3% Ar and,
thus, of 82 & 3% Naj.

For He, only small admixtures of Ny are used. The
ratio in the gas box was varied from 0 to 0.7% Ny in
7 steps. Again, the ratio of the Ny signal to the He
signal is compared to the ratio when using the kINPen.
For He the atmosphere in front of the orifice consists
of 99.85 4+ 0.05% He and 0.25 + 0.05% N, respectively.
The differences are mainly due to a laminar flow for He
and a turbulent flow for Ar.

These results cannot be compared to free-flow sim-
ulations or measurements, because the aperture does
disturb the gas flow. The results for Ar are in agree-
ment with measurements by Diinnbier et al. [26] who
also used MS. When comparing the results, it should be
noted that Diinnbier et al. measured the distance from
the nozzle of the quartz tube to the orifice while in this
study the distance is measured from the nozzle of the
gas shielding device. Thus, the distance from the quartz
tube to the nozzle of the gas shielding device (2 mm)
must be added and the densities must be compared to
9.5 mm distance in Diinnbier et al. [26].
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Fig. 5 Ratio of signal S to emission current I for different
I. The ratio is almost constant for emission currents from 5
to 200 pA

3.2 Influence of the emission current

The signal S is dependent on the emission current I in
the MS. The time to perform one measurement could
therefore be decreased by using a higher current. How-
ever, by large emission current a large space charge is
formed in the ionizer and the scaling of the measured
signal to the emission current is not linear anymore. To
check, if S scales proportionally with I, the Ar signal
was determined for different I from 5 to 200 wA. When
S is proportional to I, then S/T is constant. The ratio
S/1 is displayed in Fig. 5. The ratio S/I does change
only marginally. But to exclude this as an additional
source of error, all calibrations are performed at the
same emission current as their respective species.

3.3 Voltage variation

The applied voltage was varied at a constant distance of
7.5 mm and 1% Og admixture to the feed gas. For He,
the voltage of the kINPen could be changed between
1600 and 2180 Vyp, and for Ar 1760 Vpp, to 3000 V.
The O and Ogs densities are shown in Fig. 6. With
increasing voltage the O density rises for He from 1.1 x
10 em ™3 at 1300 Vpp, to 4.7 x 101 cm™3 at 2180 V..
The O3 density rises from 1.2 x 10 ecm™2 to 1.6
x 10" c¢cm™3. For Ar the O density rises from 3.7 x
10 em™3 at 1760 V,, to 1.9 x 10'5 cm™3 at 3000 V.

The O3 density remains here almost constant in the
range of 3.6 x 10 cm™3 at 3000 V,, and 5.1 x
10" em ™3 at 2000 Vpp- The uncertainties are too large
to confirm any trend. The trend for He is similar to
the trend observed with the COST-jet [34] and can be
explained by O formation in reaction 1 and its recom-
bination into Ogs in reaction 2 where the O density is
increasing with the increasing applied voltage (power)
but O3 stays more or less constant due to its dissocia-
tion in the plasma and lower rate of the reaction 2 at
higher temperatures.

The densities of O and O3 are about 5 times as high
in Ar as they are in He considering the interval from
ignition to maximum adjustable voltage. It is reported
that Ar can dissociate molecular gases more efficient
compared to He [61]. It is assumed that the main reason
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Fig. 6 Densities of O and O3 at different applied voltages.
The distance was fixed at 7.5 mm and 1% O» admixture to
the feed gas. The top figure shows the O and Os densities
for Ar as feed gas and the bottom figure the densities for He
as feed gas, respectively. The y-axes are scaled differently

for the different dissociation is a higher electron density
in an Ar plasma compared to a He plasma [62].

3.4 Variation of O, admixture

As seen from the voltage variation, the kINPen has
different voltage ranges for He and Ar. Therefore, no
attempt was made to measure at the same voltage. The
voltage for both Ar and He was chosen to be as high as
possible without producing sparks at 0% O, admixture.
The applied voltage was 1580 V,, for He and 2000 V
for Ar. The densities are displayed in Fig. 7.

For He the O density rises from 0 cm ™3 at 0% admix-
ture to 2 x 10 cm™3 at 1% admixture of Oy in
He. The Oz density increases from 0 cm™ to 1.5 x
10'* em™3. For Ar the O density remains nearly con-
stant between 4.5 x 104 cm ™2 at 0.17% admixture and
7.7 x 10" cm™? at 0.5% admixture. The O3 density is
monotonically increasing from 3 x 10'3 cm=2 at 0.17%
admixture to 4.9 x 10'* ecm ™2 at 1% admixture.

It should be kept in mind that the applied voltage
was kept constant, not the power.

The O3 density is by a factor 5 smaller than FTIR
measurements by Schmidt-Blecker et al. [16]. This could
be due to the fact that FTIR measurements are per-
formed in the far efluent, where all O has recombined
into Ogz. In our case, the O density is much higher than
the O3 density at the distance of 7.5 mm.

Again, the general trend for He is similar to the
COST-jet. For Ar, the trend is similar to simula-
tions [42].
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Fig. 7 Densities of O and O3z at different O2 admixtures.
The applied voltage was 1580 V for He and 2000 V for
Ar. The distance between nozzle and aperture was 7.5 mm.
The top figure shows the O and O3 densities for Ar as feed
gas and the bottom figure the densities for He as feed gas,
respectively. The y-axes are scaled differently

3.5 Distance variation

The distance was varied between 5.5 and 10.5 mm for
an admixture of 1% Os to the feed gas and an applied
voltage of 2300 V, for He and 2600 V,, for Ar. The
voltage was chosen that no sparks between the jet and
the mass spectrometer occur at 5.5 mm. The results are
shown in Fig. 8.

With increasing distance, the densities of O decreases
and the densities of O3 increase for both He and Ar.
For He, the decrease is smaller (3.1 x 10 em ™2 to 2.4
x 10 ¢m™3) than for Ar (18 x 10 ecm™3 to 7.5 x
10'* cm=3). The O3 density increases for He from 1 x
10" em™3 to 2.1 x 10" cm™2 and for Ar from 4.6 x
10" em ™3 to 5.6 x 10 cm™3.

An interesting result is the higher increase in the Oj
density than the decrease in the O density for He as feed
gas. This could be explained by accumulation of Oz in
the background gas and its diffusion towards the axis at
increasing distance. A potential source for O could be
the dissociation of O by UV-radiation or by collisions
with excited (metastable) He atoms. The general trend
is again known from the COST-jet [34].

4 Conclusion

The densities of O and O3 in the effluent of a KINPen
for both He and Ar as feed gases have been measured
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Fig. 8 Densities of O and O3z at different distances from
the nozzle to the aperture. The applied voltage was 2300 V
for He and 2600 V for Ar, 1% O2 were added to the feed
gas

by MBMS for different experimental conditions. The
densities have been determined for oxygen admixtures
to the feed gas from 0 to 1%, for distances from 5.5 to
10.5 mm and voltages from 1300 to 2180 V,;, for He and
1760 Vo, to 3000 Vy, for Ar, respectively. For all set-
tings, the O and O3 densities are higher for Ar than for
He. The O3 densities determined here in the effluent dif-
fer from measurements in the far efluent [16] by a fac-
tor of about 5. The absolutely calibrated measurements
presented in this article are important for the quanti-
tative analysis of this plasma interaction with any sur-
faces. Additionally, a new version of the beam chop-
per with integrated skimmer has been successfully con-
structed and tested showing that a construction with
linear movement is a possible alternative to rotating
chopper.
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