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Abstract
The coplanar microscale atmospheric pressure plasma jet (µ-APPJ) is a capacitively coupled
radio frequency discharge (13.56 MHz, ∼15 W rf power) designed for optimized optical
diagnostic access. It is operated in a homogeneous glow mode with a noble gas flow (1.4 slm
He) containing a small admixture of molecular oxygen (∼0.5%). Ground state atomic oxygen
densities in the effluent up to 2 × 1014 cm−3 are measured by two-photon absorption
laser-induced fluorescence spectroscopy (TALIF) providing space resolved density maps. The
quantitative calibration of the TALIF setup is performed by comparative measurements with
xenon. A maximum of the atomic oxygen density is observed for 0.6% molecular oxygen
admixture. Furthermore, an increase in the rf power up to about 15 W (depending on gas flow
and mixture) leads to an increase in the effluent’s atomic oxygen density, then reaching a
constant level for higher powers.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Atmospheric pressure plasmas are used for a variety of
material processing procedures since they overcome the
necessity for expensive vacuum systems. Well-known sources
such as arc discharges and plasma torches providing high
temperature plasmas as needed in metallurgy cannot be used
for the treatment of thermally sensitive surfaces as plastics
or biomedical surfaces [1]. Although corona discharges and
dielectric barrier discharges provide non-equilibrium plasmas
with intermediate temperatures, homogeneous local treatment
was often limited due to their non-uniformity [2]. Recently
operation in a homogeneous glow mode was demonstrated [3].

Another solution to overcome the problem of non-
uniformity is microplasmas that have been developed over the
last few years. A huge number of different designs have been
introduced for various applications [4]. High concentrations
of radicals and low gas temperatures, suitable for many
applications particularly for the localized modification of

sensitive surfaces, can be provided by jet-like microdischarges
without the requirement of complicated and expensive vacuum
systems [5]. Many of these discharges are operated
with a mixture of a noble gas, preferably helium, and a
small molecular component—depending on the application
envisaged, e.g. in biomedicine or for surface coatings [6–8].
Some of these devices, e.g. the ‘plasma-needle’, are
already tested for caries treatment or destruction of bacteria
[9]. The processes involved are still under discussion,
mostly due to the complexity of the system: a plasma
containing molecular and atomic radicals and the surface with
additional processes. Nevertheless, oxygen radicals—more
precisely reactive oxygen species—are assumed to be mainly
responsible for many of the surface modifications induced
by the microjets [10, 11]. In order to be able to develop a
better understanding of the processes and to allow a sound
modelling, it is important to know the number density of
reactive oxygen species such as atomic oxygen and its spatial
distribution.
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The dimensions of microdischarges and their operation
at atmospheric pressure are a challenge for diagnostics. The
potential of two-photon absorption laser-induced fluorescence
spectroscopy for the spatially resolved determination of atomic
oxygen densities at atmospheric pressure has recently been
demonstrated for an atmospheric pressure plasma jet (APPJ)
[12], being in good agreement with theoretical models for
the oxygen chemistry of the effluent [13]. This discharge
concept was introduced by Selwyn, Hicks and co-workers in
1998 [14,15]. The original APPJ is not well suited for strongly
localized treatment due to its dimensions.

In this study we report on spatially resolved atomic oxygen
density measurements in the effluent of a microscaled APPJ
device (µ-APPJ) [16]. This device matches typical dimensions
of other microplasma jets [6, 7] and is also ideally suited for
spatially resolved diagnostics inside the discharge core. The
coplanar geometry and an electrode width of 1 mm provide a
discharge profile of 1 mm2 for localized surface treatment at a
low gas consumption. The effects of gas mixture and operating
parameter variation on the atomic oxygen concentration in the
effluent were studied in detail.

2. Experiment and diagnostic methods

2.1. TALIF spectroscopy

Since TALIF spectroscopy is an established method to measure
atomic oxygen densities a short overview of the main ideas of
this technique is given here. For a more detailed description
of the TALIF method see [12, 17].

In TALIF spectroscopy ground state atomic oxygen is
excited into a higher state by simultaneous absorption of two
ultraviolet photons (to avoid the use of single photons of the
vacuum ultraviolet wavelength range for overcoming the large
energy gap). The fluorescence radiation emitted from that
higher state is proportional to the ground state atomic oxygen
density.

At atmospheric pressure several particular effects have to
be taken into account. The most important ones are various
saturation effects depending on laser power, such as laser-
induced additional particle generation. To avoid this the laser
intensity has to be kept as low as possible.

Due to the nature of the two-photon excitation, the
fluorescence light depends quadratically on the exciting laser
intensity. In the case of saturation effects as mentioned
above, this quadratic dependence is disturbed. To exclude
these saturation effects it has to be ensured that all TALIF
measurements are performed in the regime of quadratic
dependence.

Another feature of particular importance is non-radiative
de-excitation of the excited state by collisions. This so-called
‘collisional quenching’ process reduces the natural lifetime
τ = (1/Ai) = (

1
/ ∑

k Aik

)
of the excited state. Ai is the sum

over all transition probabilities Aik connected to a state i. It is
taken into account by replacing Ai with the branching ratio

aij = Aij∑
k<i Aik +

∑
q Qq

= Aij∑
k<i Aik +

∑
q nqki

q

. (1)

Here, the Aik are related to all the possible radiative and the
Qq to the possible non-radiative de-excitation processes. The
non-radiative de-excitation processes depend on the densities
nq of all possible colliders in the plasma and the quenching
rate coefficients ki

q for the state i with the respective colliding
species. These quenching rates have to be known for the
dominant colliding species in order to perform a quantitative
analysis of the fluorescence data, e.g. to obtain density maps.

It has to be considered that for atomic oxygen, both the
ground state and the two-photon excited state are triplet states.
The resulting line broadening has to be taken into account for
evaluation together with Doppler and pressure line broadening.

To yield absolute concentrations the TALIF measurements
must be calibrated. We applied a calibration method based
on comparative TALIF measurements using xenon as a noble
gas reference with a two-photon resonance, spectrally close
to that of the atomic oxygen to be quantified [18]. A further
advantage of this method is the possibility to perform localized
calibrations for the entire observation field.

For the calibration the normalized fluorescence signal SO

of atomic oxygen in the jet’s effluent is first scanned. The signal
(of the used photomultiplier) is integrated over fluorescence
wavelength, excitation wavelength and interaction time and
finally normalized to the squared laser pulse energy. Then
the observation volume is filled with a known density nXe of
xenon at a few pascal. The xenon fluorescence signal SXe is
also scanned so that the effluent’s atomic oxygen density can
be obtained according to

nO = TXeηXe

TOηO

σ
(2)
Xe

σ
(2)
O

aXe

aO

SO

SXe
nXe,

where T is the transmission of the detection optics, η the
detector’s quantum efficiency, σ (2) the two-photon absorption
cross sections and a the effective branching ratio. The indices
O, Xe refer to the respective transition for oxygen and xenon.
The required two-photon excitation cross sections for oxygen
and xenon are taken from [12].

2.2. Experimental setup

A sketch of the experimental setup is shown in figure 1.
Tuneable UV laser radiation is generated by a nanosecond
laser system and focused into the centre of a vacuum chamber.
Inside this chamber the µ-APPJ is mounted on a stepper
motor controlled three axis manipulator (allowing reproducible
100 µm steps). The chamber allows a controlled constant
helium and oxygen atmosphere without influences from the
ambient atmosphere and a defined xenon pressure for the
TALIF calibration process. Throughout the experiments
presented here a total pressure of 950 mbar was maintained
by adjusting the gas flow with mass flow controllers and a
membrane pump regulated with a needle valve. The pressure
was monitored by a capacitance pressure gauge.

Optical setup. The laser system used consists of a Nd : YAG
laser (Continuum ND-6000) pumping a dye laser at 532 nm
with a repetition rate of 10 Hz. The applied laser dye is
a mixture of Pyridine and DCM in methanol providing red
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Figure 1. Sketch of the experimental setup.

light at 672.93 nm and 676.95 nm for the respective oxygen
and xenon excitations in the broad maximum of the tuneable
emission spectrum. The laser beam is then frequency doubled
and tripled with the aid of a KD*P and a BBO crystal. The
crystals are automatically tracked while scanning the dye
laser. The UV radiation is guided by dielectric mirrors and
attenuated by a dielectrically coated thin fused silica substrate.
Attenuation is achieved according to the angular dependence
of the coating’s reflection. A beam splitter directs a small
amount of the laser light on a fast UV diode to monitor the
laser energy, the main beam is focused into the centre of the
chamber by a spherical fused silica lens (f = 30 cm). The
focal spot is imaged transversely to the laser beam by a BK7
lens (f = 7.9 cm, Ø = 8.5 cm) onto the photocathode of a red-
sensitive PMT (Burle C31034A, modified for pulsed operation
to avoid plasma background light) through an interference filter
(λ0 = 842 nm, λFWHM = 19 nm).

A 1 mm slit in front of the photocathode ensures that only
light is imaged originating from the central 1 mm region of the
laser’s focal line. Thus the effective resolution of this setup is
in the order of 1 mm along the laser beam axis and less than
200 µm for both perpendicular axes due to the diameter of the
focused laser beam.

The µ-APPJ is moved by the manipulator in relation to
the fixed optical setup so that the laser focus is scanning the
effluent. While screening the effluent or varying the discharge
parameters the PMT signal and a reference signal for the laser
energy are recorded by a digital sampling oscilloscope (HP
54510A, 400 MHz, 2 Gs s−1) and subsequently evaluated.

µ-APPJ. The µ-APPJ is a specifically designed microjet
with reduced discharge volume of about 1 × 1 × 30 mm3

optimized for the purpose of optical diagnostics (figure 2).
Its main frame consists of a block-shaped glass cuvette of
40×10×1 mm3 inner space. U-shaped precision cut stainless
steel electrodes (length 30 mm and 1 mm width) are inserted

Figure 2. Schematical sketch of the µ-APPJ and defined coordinate
system.

from the outlet side forming a 30 mm long plan parallel
discharge channel (1 mm2 profile). It has to be noted here
that 3 mm of this channel are outside the glass cuvette. One
electrode is connected to ground, the other one is driven using
an rf-generator (13.56 MHz, typically 10–20 W) through an
impedance matching device. The µ-APPJ is typically operated
with a gas flow of about 1 slm and a gas velocity of about
10 m s−1, respectively. The gas mixture used is composed
of about 99% of helium with an admixture of about 1% of
molecular oxygen. Mixture and flow are controlled by mass
flow controllers. Under these conditions the µ-APPJ behaves
like a typical α-mode discharge as can be shown by phase
resolved optical emission spectroscopy [16]. The abundance
of helium and the assumption that reactive oxygen species
such as oxygen atoms and ozone are a minor percentage of
the total oxygen concentration simplify the analysis. By this
one can reasonably assume that the only relevant colliders
for collisional quenching are helium atoms and O2 molecules
in the ground state (see equation (1)). This assumption on
the collisional contributions of atomic oxygen and ozone is
supported by the already mentioned measurements in the
APPJ. For those species the quenching rates are known and
adopted here for the absolute TALIF evaluation [12].

Figure 2 shows a sketch of the µ-APPJ and the attached
coordinate system (for orientation). The central axis of
the discharge core from the gas inlet to the jet’s nozzle is
defined as the z-axis. The direction of the electric field
between the electrodes spans the y-axis, and the x-axis is
defined perpendicular to that. To avoid laser reflections on the
electrodes during the TALIF measurements, the origin of the
coordinate system is set in 2 mm distance from the electrodes
in the central line of the discharge channel. Thus a minimum
distance from the cuvette’s border of about 5 mm results for
the measurements presented here. This has to be kept in mind
for the interpretation of the results.
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3. Results

Spatial resolution and alignment. Figure 3 shows an
uncalibrated scan of the atomic oxygen concentration in the
jet’s effluent in the z = 0 plane. The figure supports the stated
resolution mentioned above. Obviously the square profile of
the discharge geometry is already smoothed out at this position
by diffusion. The centre position of the coordinate system is
redefined from these profiles after each re-installation of the
device.

Temperature distribution. Since the quenching rate coeffi-
cients, the ground state allocation and density depend on the
colliders’ temperatures, a gas temperature map of the efflu-
ent must be first recorded. The temperature maps shown in
figure 4 were measured with a thermocouple in the effluent at
12 and 13 W rf power respectively, a He flow of 3 slm and an
oxygen admixture of 0.0, 0.66 and 1.33 vol%. An influence of
the thermocouple on the discharge core could not be observed.

Figure 3. Relative TALIF-signal (logarithmic scale) of the effluent’s
cross section at z = 0 mm at a gas flow of 1 slm helium with an
admixture of 1% oxygen at a power of 10 W demonstrating the
spatial resolution of the TALIF setup.

Figure 4. Temperature field maps of the effluent for various oxygen
admixtures in a helium flow of 3 slm measured with a thermocouple.

The spatial resolution is defined by the length of the thermo-
couple tip of about 1 mm. As dissociation and excitation of
oxygen in the plasma consume an additional amount of power,
the gas temperature in the effluent decreases with an increase
in oxygen admixture. In our case the highest temperature of
about 40 ◦C was detected close to the plasma core, decreasing
with distance from the nozzle. The overall small tempera-
ture variation allows one to assume for simplicity reasons a
constant overall temperature of 300 K for the calculations. As
another important observation the temperature map reflects the
directed stream of the effluent’s gas flow.

3.1. Atomic oxygen density field

Based on these temperature fields local absolute calibrations
can be carried out. The error in the absolute concentrations
is estimated to be below 70% due to uncertainties in the
underlying constants and cross sections. The relative errors
mainly due to intensity fluctuations of the laser are below 15%.

Figure 5 shows the spatial distribution of the atomic
oxygen concentration in the y–z-plane of the effluent while
the jet is operated at a helium flow of 1.4 slm and 1%
oxygen admixture at 20 W rf power. The highest density
of 2 × 1014 cm−3 was measured in closest distance to the
plasma core at the position (x, y, z) = (0, 0, 0). In a distance
of approximately 10 mm on the z-axis the density still has
a value of 1 × 1014 cm−3 and further decreases to a few
1013 cm−3 in 65 mm distance. Here it has to be mentioned
again that the z = 0 position is already 5 mm outside the
cuvette. On the y-axis close to the nozzle the atomic oxygen
density steeply decreases within a range of ±2 mm from its
maximum value down to below 1013 cm−3. This indicates the

Figure 5. Spatial y − z- density distribution of oxygen atoms in the
effluent of the µ-APPJ measured at a base gas flow of 1.4 slm and a
1% oxygen admixture (logarithmic scale).
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Figure 6. Effect of rf power on the atomic oxygen density measured
at position (0,0,0) for molecular oxygen admixtures between 0.25%
and 1.25% to a gas flow of 1 slm of helium

formation of vortices in that area. The shape of the overall
spatial distribution represents the directed gas stream in good
agreement with the temperature map. The concentration map
also reveals a widening of the gas stream’s diameter (measured
at half amplitude) from about 2 mm to approximately 10 mm
in a 50 mm distance due to diffusion. Therefore localized
surface treatment is advised to be performed within a distance
of 10 mm to the jet’s nozzle.

Parameter variation To investigate the influence of rf power
and oxygen admixture, the following measurements were
performed at the position of the highest atomic oxygen
concentration at (x, y, z) = (0, 0, 0). In a first series of
measurements the atomic oxygen density was measured in
dependence on the rf power at a constant helium flow of 1 slm
for several admixtures of O2 (0.25, 0.5, 0.75 and 1.25 vol%),
as displayed in figure 6. The density scale of this graph is
logarithmic to allow an easier observation of the onset of
the dissociation. For the evaluation of the atomic oxygen
concentration it has to be noted that for each value of admixed
oxygen the quenching rates have to be recalculated as one of
the main collider’s density (nO2 ) changes.

The first measuring points for each admixture correspond
to the ignition power of the plasma. The ignition power
linearly increases with the amount of admixed oxygen from
3 W at 0.25% admixture to 11 W at 1.25% admixture according
to the mentioned power consumption by the molecules in
the plasma. For 0.25% of O2 admixture the atomic oxygen
production steeply increases from the ignition at 3–9 W from
below 2 × 1012 to 4 × 1013 cm−3. For higher powers the
atomic oxygen production was found to be constant or even
slightly decreases with a further increase in the power to below
3 × 1013 cm−3 at 25 W rf power.

A similar behaviour can also be observed for higher values
of O2-admixture.

Hence, for 0.75% O2-admixture an increase from 5×1012

to 5 × 1013 cm−3 in the atomic oxygen density is observed
while the rf power is increased from 7 to 12 W. For 1.25% O2

admixture an increase from 5 × 1012 to 5 × 1013 cm−3 in the
power range of 11 to 17 W was detected.

The highest absolute values for the O density were found
in the 0.5% admixture series. From 4 to 10 W rf power the
atomic oxygen density increases from 3 × 1012 cm−3 up to
2 × 1014 cm−3 and remains constant up to 23 W.

Figure 7. Effect of O2 admixture variation on the atomic oxygen
density measured at position (0, 0, 0) 1.4 slm helium flow and 13 W
rf power.

For rf powers beyond 25 W the discharge eventually
switches into another more inhomogeneous γ -discharge mode
which has to be avoided.

To verify the observed maximum concentration at
0.5 vol% admixture the O2 admixture was varied for otherwise
identical conditions of rf power and total flow. For each flow
the rf power was selected to allow a maximum admixture
variation. For all conditions we observed a maximum of
dissociation around 0.5 vol% O2 admixture. Depending on
the flow the maximum is more or less distinct. The most
pronounced maximum was observed for an operation of the µ-
APPJ at 13 W rf power and a constant He gas flow of 1.4 slm.
The effect of a variation of the O2 admixture from 0.0 to
1.8 vol% on the production of O atoms is presented in figure 7.
The atomic oxygen density increases with a steep slope from
the actual detection limit of about 2 × 1012 cm−3 at 0.2% to
1.4×1014 cm−3 at about 0.6% oxygen admixture. Beyond this
value the density slowly decreases to 5 × 1013 cm−3 at 1.8%
admixture. A further increase of oxygen admixture causes
the plasma to extinguish and the production of atomic oxygen
stops.

Even for the highest possible oxygen admixtures of
2% for which a stable operation of the jet is possible at
powers of beyond 30 W the obtainable oxygen densities are
significantly below the maximum value of 1.4 × 1014 cm−3 at
0.6% admixture and 10–20 W transceiver power.

A general physical explanation of this second parameter
variation can easily be given. For low admixtures the
discharge—in particular the electron energy distribution
function (EEDF)—is unchanged and dissociates molecular
oxygen proportional to the admixture. For higher admixtures
the oxygen molecule consumes more energy for rotational and
vibrational excitation. This deforms the EEDF and reduces
the number of electrons of an energy high enough to dissociate
oxygen molecules.

An explanation for the input power dependence is much
more complicated. The increase in the O density could still
be explained by assuming an increasing electron energy that is
correlated with the input power and improves the dissociation.

But here it has to be emphasized that we are only attaining
secondary insights into the process dynamics inside the jet
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by measuring in the effluent. The density at that position is
produced by plasma-induced processes in the discharge core
and is subsequently subject to destruction processes outside
the cuvette corps where the plasma is no longer effective. It
can be assumed that the destruction of atomic oxygen outside
the discharge core is more or less constant since the variation
of the gas composition is small. Therefore chemical models as
presented by Jeong [13] are applicable to the effluent. But
the plateau or even the decreasing behaviour of the power
variation are related to processes inside the plasma core.
Thus it is highly questionable to derive a model of these
processes from these indirect measurements in the effluent.
Therefore concentration measurements inside the plasma core
are compulsory. Another effect that might have an impact on
the measured concentration is a considerable change of the
ground state population by electron excitation. Oxygen atoms
which are not in their ground state are invisible to this TALIF
scheme.

4. Concluding remarks and outlook

Absolute atomic oxygen densities up to 2 × 1014 cm−3 have
been measured in the effluent of a µ-APPJ. The spatial
distribution of these density maps shows a focused stream
profile enabling localized surface treatment possible. It was
demonstrated that the optimum atomic oxygen production
depends on various discharge parameters, e.g. gas composition
and rf power. In particular, a distinct maximum for
atomic oxygen production was found for a molecular oxygen
admixture of 0.6 vol%—far below the highest possible
admixture. By means of TALIF it could be shown that the
atomic oxygen production can be optimized by the choice
of discharge parameters. The efficiency of atomic oxygen
production in the effluent is highly dependent on the processes
in the plasma core.

Therefore examinations of the processes inside the
discharge core and their coupling to the effluent are both needed
for future investigations. The µ-APPJ, in contrast to many
other jet designs, easily allows the necessary optical access.

A report on first TALIF measurements inside the discharge
core is in preparation.
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108 9362

6

http://dx.doi.org/10.1109/27.842901
http://dx.doi.org/10.1088/0022-3727/39/6/018
http://dx.doi.org/10.1088/0022-3727/39/3/R01
http://dx.doi.org/10.1016/j.ijms.2005.11.010
http://dx.doi.org/10.1063/1.2714646
http://dx.doi.org/10.1002/ctpp.200710017
http://dx.doi.org/10.1088/0963-0252/14/3/008
http://dx.doi.org/10.1088/0022-3727/38/11/012
http://dx.doi.org/10.1088/0022-3727/39/16/S05
http://dx.doi.org/10.1088/1009-0630/9/2/14
http://dx.doi.org/10.1088/0963-0252/14/2/021
http://dx.doi.org/10.1021/jp0012449
http://dx.doi.org/10.1109/27.747887
http://dx.doi.org/10.1063/1.125724
http://dx.doi.org/10.1002/ctpp.200710066
http://dx.doi.org/10.1088/0963-0252/14/2/S05
http://dx.doi.org/10.1063/1.476388

	1. Introduction
	2. Experiment and diagnostic methods
	2.1. TALIF spectroscopy
	2.2. Experimental setup

	3. Results
	3.1. Atomic oxygen density field

	4. Concluding remarks and outlook
	 Acknowledgments
	 References

