3176

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 47, NO. 7, JULY 2019

Thermal and Optical Study on the Frequency
Dependence of an Atmospheric
Microwave Argon Plasma Jet

Christoph Schopp™, Nikolay Britun, Jan Vorac

, Petr Synek,

Rony Snyders, and Holger Heuermann, Member, IEEE

Abstract—This paper presents the frequency- and power-
dependent thermal and spectral properties of a microwave
argon plasma jet in the gigahertz range. These properties
are determined at 1.3 GHz, 2.4 GHz, and 3.5 GHz for input
powers from 2 W to 15 W and gas-flows from 1 to 4 Lm—1,
including the influence of an argon/mitrogen mixture. These
investigations are performed to determine the specific influence
of the excitation frequency on the spectral properties of the
plasma. The gas temperature is determined via the hydroxyl
radical (OH) rotational band around 310 nm by fitting the
simulated spectrum to the measurements. It is shown that high
temperatures above 1350 K are generated inside the plasma for
an input power of 10 W. At the same time, selective discharge 2-D
mapping is realized as a result of charge-coupled device (CCD)
imaging through optical bandpass filters, corresponding to the
OH, N;, Ar, and H spectral emission lines. It is found that all the
investigated species change their size proportional to the size of
the plasma. Influence of nitrogen is investigated by generating an
argon/nitrogen gas mixture. The nitrogen admixtures up to 2%
are examined. These investigations are based on measurements
of the Nj-band around 370 nm. A strong dependence of the
discharge appearance on the nitrogen content is found.

Index Terms—Frequency dependence, optical emission spec-
troscopy (OES), plasma applications, plasma generation, plasma
jet, plasma properties.

I. INTRODUCTION

ICROWAVE plasma jets have been in the focus of

research for a long time in versatile areas of appli-
cations. The geometry and a comparison of a jet to other
plasma sources are given in [1]. Typical applications range
from material processing to medical purposes [2]-[S]. The
input power is dependent on the application and ranges from
several watts to the megawatts area. Plasmas generated at
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Fig. 1. Top: Argon plasma jet at 2.4 GHz and 5W. Bottom: cross-cut of
the coaxial geometry directing the microwave power to the plasma. Outer
diameter: 20 mm. Inner diameter: 16 mm. Length: 85 mm.

microwave frequencies are sustained by capacitive coupling of
the power allowing configurations such as enclosure by quartz
glass and electrode-less lamps [6].

A strong dependence on the spatial properties of a
microwave argon plasma jet (Fig. 1), as well as an increase
of the energy density at higher frequencies, has been shown
in [7].

In this work, an optical study is performed via optical
emission spectroscopy (OES) to determine the influence of
the excitation frequency, power, gas flow, and gas mixture
on single spectral lines of the plasma to optimize the plasma
operation to the desired applications. The main goal of this
work is the analysis, whether the spectral lines contribute
equally to the global effects (spatial extension of the plasma,
energy density distribution) and if changes are limited to a
specific spectral area. Independence of the plasma properties to
the frequency leads to higher adaptability of the jet properties
(size and excitation frequency) to the specific applications.
A microwave argon plasma jet operated at frequencies around
1.3 GHz, 2.4 GHz, and 3.5 GHz and power levels from 2 W
to 15 W are utilized. The frequency dependence of the gas
temperature and the spatial extension of the plasma in different
spectral bands are investigated.

II. THEORETICAL BACKGROUND

The plasma is powered by electromagnetic waves in the
gigahertz-range which are subject to the same laws as optical
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waves. They are refracted upon propagating from one medium
into another and upon changes of the dielectric properties.
The microwave power at a defined reference plane is equal to
the difference of the transmitted and reflected power. Further
explanations of RF power measurements are given in [8].

During optical measurements, a conical or cylindrical region
of the plasma is measured typically along the line of sight.
From the obtained data, the relative density of emitters present
in the emitting area can be extracted. Based on specific
characteristics of the species, different characteristic plasma
temperatures are pronounced (each one representing an exci-
tation of a certain degree of freedom in the gas): rotational,
Trot, vibrational Ty, and electron Tgj.

The rotational and vibrational temperature Tror and Tvip
are calculated using massiveOES software package that fits
the model spectral profile to the measured spectral data.

The model is constructed by finding all the rotational lines
lying in the observed spectral region in the massiveOES
database. For OH species, the database used information
from [9]-[11]. The strength @y of each line is given by

(Du,l =Ny Au,l (h

where n, is the relative population of the respective upper
state and Ay is the transition probability for the line in s—L.
In this case, the strength is proportional to the flux of photons
originating from the respective transition. The relative popu-
lation of each upper state is calculated under the assumption
of the Boltzmann distribution which is given by the respective
Boltzmann fraction. The rotational and vibrational tempera-
tures are treated independently (for details see [12] and [13]).

The artificial spectrum is subsequently broadened by convo-
lution with a Voigt profile, defined by Gaussian half-width at
half-maximum (HWHM) G and the Lorentzian HWHM L.
The broadening of each line in the spectrum is assumed
to be equal. This approach can be used if the instrumental
broadening of lines dominates, which is satisfied in our case.

The differences of measurement and simulation are then
calculated at each point, and the sum of their squared values
is minimized with respect to the fit parameters which were:
constant background, starting wavelength, linear, and quadratic
term for wavelength correction, the Gaussian broadening
HWHM, the Lorentzian broadening HWHM, relative OH
“intensity,” rotational, and vibrational temperature.

The rotational temperature of OH(A) is considered to reflect
the kinetic temperature of the gas in this particular case,
even though it is known that rotational distribution of OH(A)
spectra may seriously deviate from thermal equilibrium. The
main reason for this deviation is the OH(A) lifetime reduction
by electronic quenching. The quenching of OH(A) by argon
atoms is extremely slow and practically does not reduce
its natural lifetime. On the other hand, water vapor is a
very efficient quencher. Bruggeman et al. [14] identified the
amount of water vapor leading to serious deviations of OH(A)
Trot from the kinetic temperature of the gas as 1000 ppm.
In this experiment, no water has been intentionally added
to the feed gas. We estimate the amount of water as an
impurity to be well below 100 ppm, corresponding to OH(A)
quenched lifetime of 500 ns. In these conditions, the rotational
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Fig. 2. Block diagram of the measuring set-up to operate the jet. Input
power is created by a signal generator and an amplifier. (a) Transmitted and
(b) reflected waves are monitored by two power meters.
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Fig. 3.  OES spectra of the plasma jet from 290 nm to 860 nm. The area
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from 430 nm to 680 nm is omitted due to nonpronounced spectral lines. Key
emission line areas are marked with the corresponding species.

temperature of OH(A) has been confirmed to agree with the
kinetic temperature of the gas. In the case of this work,
the rotational temperature is assumed to be equal to the gas
temperature [15].

III. EXPERIMENTAL SETUP

The jet (also used in [7]) consists of a standard N-plug
with an attached hollow cylinder topology. A coaxial net-
work is formed by the cylinder and an inner conductor
(length: 85 mm, diameter: 20 mm, inner diameter: 16 mm).
In a coaxial network, the diameter ratio of the inner and
outer conductor determines the wave impedance. To match the
amplifier impedance to the electrical impedance of the plasma,
different diameters, and lengths of the inner conductor are
utilized. The power is supplied through the plug, as indicated
in Fig. 1 (bottom).

In Fig. 2, the block diagram of the experimental setup to
generate the high-frequency power is plotted. The combination
of a Stanford Research SG384 signal generator and different
amplifier setups (at 1.3 GHz by two balanced Mitsubishi
RA18HI1213G, at 2.4 GHz by an HHFT PlasMaster 100 W,
and at 3.5 GHz by two balanced WiMax amplifier stages)
provide the power. Two Narda 3022 bidirectional coaxial
couplers monitor the transmitted and reflected wave using a
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Fig. 4. Measured and fit OH-band around 310 nm to determine the rotational temperature TRq¢. Residuals display the difference between the measured and
the fit results. Spectra is captured at 2.4 GHz and 10 W using an optical bandpass filter.

Gigatronics 8543C power meter, an HP 8481 power sensor,
and an HP 8481D power sensor. The power at the reference
plane, located at the plug of the jet, is equal to the power
coupled into the plasma due to the negligible transmission
losses of the jet.!

The optical properties of the plasma are measured via
OES. It is a noninvasive method analyzing the spectrum of
an emitting source at certain wavelengths. The measurements
are performed using an Andor SR-750 monochromator with
an Andor iStar 740 series intensified charge-coupled device
(ICCD) camera for the spectra acquisition and the ICCD
camera with a Nikon AF 50 mm /1.4D lens for OES imaging.
The spectrometer resolution is equal to about 30 pm for the
spectral measurements, for which a 2400-gpmm grating is
used. Optical bandpass filters with a bandwidth of 10 nm are
utilized for the measurements of the significant spectral bands.

The amount of argon is set by a gas flowmeter. For
the mixture with nitrogen, an additional gas flowmeter with
adjusted flow value is utilized.

IV. MEASUREMENT RESULTS

The frequency- and power-dependent analysis of the mea-
surement results are split into two parts. First, the results of the
temperature determination are presented by fitting the 310-nm
OH-band to the measured rotational spectra. It is followed by
an investigation on the dependence of the spatial and optical
properties of different bands on different parameters.

A. Measurement Method Description

In Fig. 3, the OES spectra corresponding to the 290-430-nm
and the 680-860-nm ranges are plotted. All omitted areas do
not contain any pronounced spectral lines. As can be seen
from the marks in the spectrum, the analysis of the emission
lines (OH, N3, Ar, and O) is presented in this paper.

I osses vary from 0.1 dB at 1.3 GHz, over 0.16 dB at 2.4 GHz, to 0.13 dB
at 3.5 GHz.

B. Temperature Fitting Using Hydroxyl Emission

Fig. 4 displays the comparison of the measured spectra from
306 nm to 312 nm along with the fit result for the rotational
temperature Trer. This spectrum is recorded at 2.4 GHz and
10 W. The difference (residuals) of the measurement to the
fitting is plotted with a maximum absolute value of 0.2 x 10°
and a mean relative error of about 3%. As mentioned above,
the accumulated measuring error is about 5% resulting in a
combined relative error of 8% for the determination of the
temperature.

In Fig. 5, the determined rotational temperature at 1.3 GHz,
2.4 GHz, and 3.5 GHz from 5 W to 15 W are presented.
At 1.3 GHz and 15 W, the maximum temperature of 1350 K
is attained. At the lower gas flow, a nonproportionality of
the temperature to the power is visible in contrast to a
proportionality at the higher gas flow of 4 Lm~!. Higher
temperatures are measured for the lower gas flows with a mean
reduction of about 100 K at 4 Lm™!. This suggests a cool
down by a higher convection cooling.

In [7], it is observed that both size and emission intensity
decrease over frequency. The emission intensity of the plasma
area is normalized to its spatial extension resulting in an almost
constant ratio. Therefore, the proportionality of the energy
density and frequency is assumed. It is supported by [16],
where an increase of the electron density at higher frequencies
is presented. The increase of the electron density may lead to
a higher overall gas temperature due to an increase of the
particle collisions.

A direct connection between the gas temperature and the
frequency cannot be extracted from the measurements because
of the increased temperature at the intermediate frequency of
2.4 GHz. This increase might be caused by a slight mismatch
at this frequency, where more power was coupled into the
plasma than measured.

C. Spectral Analysis

This section describes the individual influence of the fre-
quency, power, gas flow, and gas composition on the apparent
size of the plasma when observed through different spectral
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Fig. 5. Fit temperature from 1.3 to 3.5 GHz and powers from 5 to 15 W for
argon gas flows of 2 and 4 Lm L Measuring accuracy of the power is 5%.

filters. All images have been scaled to the same size for a
direct visual comparison of the effects.

The plasma shapes at three microwave discharge frequencies
and input power levels with a constant argon flow of 2 Lm™!
are illustrated in Fig. 6. The largest spatial extension is
measured for 1.3 GHz and 15 W. The size of the plasma is
proportional to the input power and inversely proportional to
the frequency. It is assumed that the proportionality of the size
and the frequency is caused among other things by two factors:
the decrease of time in which the electric field accelerates the
free charge carriers and the proportionality of the electron
density to the frequency. All images exhibit a halo effect
around the plasma with an inner core of higher light intensity.
This effect has also been used in [17] to generate a more
accurate 3-D finite element method-model for the simulation
of the electrical plasma parameters.

A size comparison of an argon plasma for spectral bands
around 310 nm (OH), 370 nm (N»), 696 nm (Ar), and 777 nm
is shown in Fig. 7. All images are recorded at an argon flow
of 4 Lm™!, a power of 10 W, at 1.3 GHz, 2.4 GHz, and
3.5 GHz. For all spectral lines, the mean measured changes
in the size are proportional to the input power and inversely
proportional to the frequency. The differences of the size
shown in Fig. 7 are caused by instabilities from the gas flow.

A halo around the plasma is only visible for the OH-line
around 310 nm (Fig. 8) and the O-line at 777 nm (Fig. 7).

3179

S
g
0
3z
o
[
'"'10 mm ' Frequency (GHz)
Fig. 6.  Whole emission range shape of the plasma region as a function of

discharge frequency at different frequencies and applied power. Argon flow
is set to 2 Lm~ !,

(nm) /Species

Wavelength

0 Frequency (GHz)

Fig. 7. Filtered plasma region shape as a function of the discharge frequency
at different spectral emission lines (310, 370, 696, and 777 nm). Argon flow
is set to 4 Lm~ !
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Fig. 9.  Shape of the plasma as a function of discharge frequency at
different nitrogen contents in the gas mixture. Filter for 370 nm is applied.
Ar and Ny flow is set to 4 Lm~!.

All other spectral lines show the area of higher light output
in the core of the plasma. This effect might be caused by
oxygen and water particles diffusing from ambient air getting
excited by collisions with active particles in the plasma plume.
Minimal amounts of OH might be introduced by the gas supply
system. The brightness of the halo shown in Fig. 6 suggests
additional spectral emissions in the visible area. Some plasma
plumes have a second ramification (“double tail”) at their end,
which is caused by the instabilities mentioned above.
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The influence of the gas flow on the OH-band is presented
in Fig. 8. Gas flow is swept from 1 L min~! to 4 L min~! and
the frequency from 1.3 GHz to 3.5 GHz at 10 W. At a gas
flow of 1 Lm™!, the horizontal size of the plasma is almost
constant across all frequencies, while only the vertical size
changes. Almost no inner core is visible at this gas flow. The
horizontal size increases at 2 Lm™~! for all frequencies, while
the vertical size is decreased. An area of higher brightness
is visible at the tail of the plume, which is connected via a
slightly visible inner core. At 4 Lm™!, the horizontal size
increases further while exhibiting the smallest vertical extent.
The brightness of the plasma tail is decreased and the core of
is more pronounced.

Fig. 9 displays the comparison of an argon/nitrogen mixture
with a relative Ny content from 0.0% to 2.0% at frequencies
from 1.3 GHz to 3.5 GHz, an input power of 10 W and a
combined gas flow of 4 Lm~!.

The size of the plasma is inversely proportional to the
frequency and nitrogen amount, while the vertical extension
is almost constant across all swept measurement parameters.
The relative nitrogen amount is inversely proportional to the
horizontal extent. Areas of higher light intensity are located at
the tip of the electrode. This intensity increases with a decrease
in the plasma size.

As mentioned above, the size reduction of the plasma
in pure argon is mainly caused by the lower acceleration
time of the free charge carriers at higher frequencies [7]
and the generation of an increased electron density at higher
frequencies [16]. For the gas mixtures, a size reduction at
higher nitrogen amounts is observed. Nitrogen acts as an
efficient quencher destroying the excited states present in the
plasma. The amount of particle collisions increases with the
gas flow, and therefore, the excited states are more reduced at
higher concentrations of nitrogen. The size of the plasma is
also reduced by the quenching effect at higher distances from
the electrode.

It has been reported that a modulation superimposed on the
input signal could facilitate mixing of the effluent gas with the
ambient atmosphere, leading to similar effects as described
above [18]. Therefore, further investigations are planned to
characterize possible influences of a modulated signal on the
frequency dependence of a plasma and the gas mixture.

All measured emission lines exhibit the same frequency-
dependent behavior as the changes observed in [7]. The single
spectral lines contribute equally to the size changes and energy
density distribution. A halo surrounding the emission lines
associated with oxygen is the only observed difference.

V. CONCLUSION

In this paper, the influence of frequency, power, gas flow,
and gas composition on the thermal and optical properties of
a microwave plasma have been investigated. Three frequency
bands around 1.3 GHz, 2.4 GHz, and 3.5 GHz with power
levels from 5 W to 15 W are utilized with a gas flow of up
to 4 Lm~! are measured.

A maximum temperature of 1357 £ 40 K is determined
by fitting the OH-band to the measurements. As expected the
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gas temperature is proportional to the input power but has a
nonmonotonous connection to the frequency. An increase of
the gas flow from 2 to 4 L min~! lowers the mean temperature
by about 150 K.

OES imaging for OH, N>, Ar, and atomic oxygen excited
states density mapping has shown that the changes of the
spatial properties caused by any of the investigated parameters
correspond proportionally for all optical bands. This means
that none of the parameters has an influence on a specific
spectral line. Therefore, these parameters can be utilized to
adjust the plasma to the desired application without any
disadvantages on the plasma properties. A plasma core is
surrounded by a halo of lower brightness. This effect is
observed in the bands associated with oxygen. These results
are rather new and did not find any confirmation in the
literature so far.

The gas mixture has a strong effect on the spatial extension
of the plasma, which might be useful for adaptive control of
the size, as well as improving the matching of the plasma
impedance. A smaller size of the plasma at higher concen-
trations of nitrogen is measured. It is caused by efficient
quenching of excited states of the plasma by the nitrogen
atoms. To counteract the size change effect, a superimposed
modulated signal could be used for further investigations.

In general, the results obtained in this work show that
all spectral emission lines are proportional to the microwave
frequency and that a nonmonotonous dependence of the tem-
perature on the frequency exists. The proportional dependence
on the frequency is important for applications since it offers
a complete degree of freedom in the design of the jet. It is
possible to adapt the frequency, and thus, the whole size of
the jet to the application needs without any disadvantages to
the plasma properties.
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