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The micro atmospheric pressure plasma jet is an rf driven �13.56 MHz, �20 W� capacitively
coupled discharge producing a homogeneous plasma at ambient pressure when fed with a gas flow
of helium �1.4 slm� containing small admixtures of oxygen ��0.5%�. The design provides excellent
optical access to the plasma core. Ground state atomic oxygen densities up to 3�1016 cm−3 are
measured spatially resolved in the discharge core by absolutely calibrated two-photon absorption
laser-induced fluorescence spectroscopy. The atomic oxygen density builds up over the first 8 mm
of the discharge channel before saturating at a maximum level. The absolute value increases linearly
with applied power. © 2008 American Institute of Physics. �DOI: 10.1063/1.2995983�

In recent years low temperature nonequilibrium atmo-
spheric pressure plasmas have been developed to treat mate-
rials without the need of expensive and size limiting vacuum
chambers. Atmospheric pressure plasma jets �APPJs� can
provide high concentrations of radicals at low gas
temperatures.1,2 Jetlike microdischarges have been developed
with particular attention toward localized modification of
sensitive surfaces, such as in biomedicine and for surface
coatings.3–6 These discharges—such as the micro APPJ
��-APPJ� investigated here—typically have lengths in the
order of 10 mm, cross sections less than 1 mm2 and are
usually operated with a noble gas flow containing a small
amount of molecular gas admixed.

Many surface modifying effects of plasma treatment are
supposedly caused by reactive oxygen species such as
atomic oxygen7,8 The processes for atomic oxygen produc-
tion in the jet are still not fully understood due to �i� the
complexity of plasma chemistry in the plasma core and ef-
fluent, �ii� plasma surface interactions and transport mecha-
nisms of particles, and �iii� radiation and energy at atmo-
spheric pressure. One important thing to understand in these
processes is the knowledge of the spatial distribution of the
atomic oxygen inside the core.

In most cases access for, e.g., laser diagnostics or probes
is strictly limited to the effluent region due to the confine-
ment of the plasma. This lack of access results in a limited
understanding of the microdischarge physics. Methods such
as titration,9 actinometry10 or catalytic probes11 have been
successfully applied to determine atomic oxygen densities.
However, titration lacks spatial resolution and is difficult to
integrate into microdischarges. Due to their size catalytic
probes cannot be inserted into the microplasma itself and
interfere with the gas flow essential for the discharge stabil-
ity. Actinometry based on electronic excitation is limited to
the discharge region and also implies sophisticated model
based assumptions, in particular, under atmospheric pressure
conditions.

The method applied here is two-photon absorption laser-
induced fluorescence �TALIF� spectroscopy, which provides

high spatial resolution of 200 �m limited only by the beam
diameter of the laser focus. Spatial dependencies of atomic
oxygen on the discharge parameters have already been suc-
cessfully studied in the effluent.12,13 However, these mea-
surements only give indirect information on the densities and
processes inside the plasma core itself.

In this study we report on the first absolute atomic oxy-
gen density measurements inside the discharge core of a
�-APPJ �Ref. 14� specifically designed for direct optical
access.

The capacitively coupled rf driven �-APPJ �13.56 MHz,
typically 5–50 W� consists of stainless steel electrodes in-
serted with variable distance into a block-shaped synthetic
quartz cuvette forming a 30 mm long coplanar discharge
channel of typically �1–2� mm�1 mm cross section �Fig.
1�a��.

A frequency tripled Nd:yttrium aluminum garnet
pumped dye laser is used to generate the nanosecond UV
laser pulses at around �=225 nm for two-photon excitation
of atomic oxygen �2p4P2,1,0−3p3P1,2,0�. The main beam is
focused into the center of a gas tight chamber providing a
controllable atmospheric pressure helium/oxygen environ-
ment for the oxygen measurements as well as a constant low
pressure xenon atmosphere for the calibration. Inside the
chamber the �-APPJ device is mounted on a three axis ma-

a�Electronic mail: nikolas.knake@ruhr-uni-bochum.de.

(a) (b)
1-2

FIG. 1. �Color online� �a� Schematic of the �-APPJ. �b� Position of the
�-APPJ in relation to laser and fluorescence imaging �cross sectional layer
between the electrodes�.
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nipulator, so that the discharge channel can be moved with
respect to the laser focus �see Fig. 1�a��. Since laser excita-
tion and fluorescence imaging at �=844.87 nm have to be
perpendicular for spatial resolution, the �-APPJ is arranged,
so that this optical plane is also not interrupted by the elec-
trodes. To prevent reflected laser light from reaching the pho-
tomultiplier the discharge channel is positioned along the
bisecting line between laser beam line and imaging optics
�Fig. 1�b��.

The setup was absolutely calibrated based on compara-
tive TALIF measurements using noble gas xenon as a refer-
ence since it has the 5p6 1S0−6p��3 /2�2 two-photon reso-
nance spectrally close to that of atomic oxygen.16 For
calibration, the entire chamber is filled with xenon and the
resonant signal is obtained from inside the �-APPJ.

During operation of the �-APPJ the fluorescence signal
of atomic oxygen as well as the laser pulse energy is re-
corded. For evaluation the fluorescence signal is normalized
to the squared laser pulse energy. The resulting quantity is
denoted as SO. The comparative measurement for SXe is per-
formed when the �-APPJ is not operated and the containing
vessel is filled with a known xenon density nXe �regulated by
pressure�. The atomic oxygen density then can be calculated
according to

nO =
TXe�Xe
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�2�
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where T is the transmission of the detection optics, � is the
detector’s quantum efficiency, ��2� is the two-photon absorp-
tion cross section, and a is the effective branching ratio. The
indices O and Xe refer to the respective transition for oxygen
and xenon. The required two-photon excitation cross section
ratio for oxygen and xenon is taken from Ref. 13, see also
this reference for a more comprehensive discussion of this
TALIF scheme applied.

The analysis can be simplified assuming that the only
relevant colliders for collisional quenching are He atoms and
O2 molecules in the ground state. For these species the
quenching rate coefficients are taken from Ref. 13. Ozone is
neglected since it is continuously dissociated in the plasma
core. Atomic oxygen, also only a minor fraction of the total
oxygen concentration, has a self-quenching rate coefficient
being one order of magnitude smaller than the coefficient for
O2.15

For all measurements presented in the following a flow
of 1.4 slm helium with an admixture of 0.5% of O2 is used
yielding the highest oxygen production as exemplarily
shown for an electrode distance of 1 mm in Fig. 2. Under
these conditions the �-APPJ behaves like a typical �-mode
discharge.14 The discharge efficiency decreases for higher O2

admixtures due to the energy dissipation into molecular
states, finally destabilizing the plasma. This also agrees with
measurements in the effluent.12

In the upper part of Fig. 3 a photograph shows the com-
plete channel of the �-APPJ. The “zero” position is defined
by the edge of the quartz cuvette. The positive direction is
the direction of the gas flow into the effluent. The lower part
shows the respective relative atomic oxygen profile mea-
sured at 1 mm electrode distance and 20 W. All power values
are measured at the transmitter. Following Fig. 3 from right
to left, the atomic oxygen density increases from the inlet at
−27 mm over a distance of about 8 mm. Then, an equilib-
rium state of atomic oxygen production and destruction is
reached and a broad plateau occurs. Further approaching the
edge of the quartz cuvette, a decrease in the concentration is
observed probably caused by a backflow from the outer at-
mosphere. This behavior correlates very well with the emis-
sion profiles of the atomic oxygen �=844.6 nm line �3S0

− 3P� measured with a fiber-optically coupled spectrometer.
Close to the cuvette’s edge the sensitivity of the detection
system also decreases due to reflections from the edge of the
quartz and the electrodes. The high value outside the cuvette
at +3 mm is attributed to the lack of laser attenuation by the
cuvette.

To avoid these effects for the following absolute mea-
surements, the electrode gap is increased to 2 mm and the
focus is set on the gas-entrance and central region of the
discharge channel.

Figure 4 shows an absolutely calibrated axial density
profile from the inlet at −28 mm to the center at 40 W rf
power. The ground state atomic oxygen density increases
over the first 8 mm from 7�1015 cm−3 at z=−28 mm to
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FIG. 2. Relative O density in the discharge center vs O2 admixture at 1.4
slm He flux, rf power of 12 W and the electrode gap of 1 mm.
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FIG. 3. �Color online� Top photograph shows the electrode configuration.
Bottom shows in parallel the relative axial distribution of atomic oxygen at
20 W and 1 mm electrode distance.
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FIG. 4. Absolute axial O densities inside the discharge channel at 40 W, 1.4
slm He plus 0.5% O2 flux, and 2 mm electrode gap.

131503-2 Knake et al. Appl. Phys. Lett. 93, 131503 �2008�



1.7�1016 cm−3 at z=−21.5 mm and then remains constant.
According to the gas speed vg�10 m /s the equilibrium

of atomic oxygen production and destruction is reached after
�1 ms. Spectroscopic measurements of the wavelength-
integrated emission along the plasma channel show the equi-
librium of electron excitation to be reached on a timescale of
0.25 ms or 2 mm, respectively. Thus, the equilibrium of
atomic oxygen has to be attributed to plasma chemical reac-
tions rather than to direct electron impact.

The influence of the rf power is presented at the center
of the discharge �z=−15 mm�. Figure 5 shows the ground
state atomic oxygen density linearly increasing from 2
�1015 cm−3 at 30 W required for ignition of the plasma up
to 3�1016 cm−3 at 53 W. At powers higher than 53 W the
discharge switches to a constricted mode bearing a potential
risk of electrode damage.

The detection limit is measured to be below 1013 cm−3

well below the values observed here. The laser and detection
system as well as the available data for the xenon calibration
provide an accuracy of 50% to 70%.

Even for the maximum dissociation the self-quenching
contribution by atomic oxygen is about a factor of 20 smaller
than the contribution by O2 and only 20% of the He quench-
ing. Thus, the assumption of ground state He atoms and O2
molecules being the only colliders valid for the effluent is
also reasonable for the discharge core. Still de-exciting col-
lisions with electrons, metastables, dimers, ions, excited at-
oms, and molecules have been neglected in the calibration
process. Thus, it can be assumed that the measured O densi-
ties are lower bound values of the real density. In total the
accuracy of all absolute density values is estimated to be a
factor of 2.

To summarize the results, the absolute densities imply a
degree of oxygen dissociation up to �20%. They exceed the
densities measured in the effluent �1014 to 1015 cm−3 accord-

ing to Refs. 12 and 13� by more than one order of magnitude.
The building up of an atomic oxygen production-

destruction equilibrium on a time scale of 1 ms is observed.
A variation in the rf power shows a linear increase in the

ground state atomic oxygen density over the entire operation
range. This is in direct contrast to the building up of a pla-
teau for higher powers, which was observed for the effluent
region in.12 While the significant decrease in the atomic con-
centration in the effluent can be explained by the production
of ozone the reason for the different power dependencies is
still unclear. A possible explanation is the influence of the
VUV radiation penetrating the effluent as described in Ref.
14 and 17. These data in combination with spatially and
spectrally resolved optical emission spectroscopy provide
necessary input parameters for the improvement of plasma
process simulations.
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FIG. 5. Variation in the rf power at a constant gas flux of 1.4 slm He
+0.5% O2 and 2 mm electrode gap in the discharge center.
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