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This movie shows how an atmospheric pressure plasma torch can be ignited by
microwave powers with no additional igniters. After ignition of the plasma a stable and
continuous operation of the plasma is possible and the plasma torch can be used for
many different applications. On the one hand the hot (3600 K gas temperature) plasma
can be used for chemical processes and on the other hand the cold afterglow
(temperatures down to almost room temperature) can be applied for surface
processes. For example chemical syntheses are interesting volume processes. Here
the microwave plasma torch can be used for the decomposition of waste gases which
are harmful and contribute to the global warming but are needed as etching gases in
growing industry sectors like the semiconductor branch. Another application is the
dissociation of CO2. Surplus electrical energy from renewable energy sources can be
used to dissociate CO2 to CO and O2. The CO can be further processed to gaseous or
liquid higher hydrocarbons thereby providing chemical storage of the energy, synthetic
fuels or platform chemicals for the chemical industry. Applications of the afterglow of
the plasma torch are for example the treatment of surfaces to increase the adhesion of
lacquer, glue or paint or the sterilization or decontamination of different kind of
surfaces. The movie will explain what has to be done to ignite the plasma solely by
microwave power without any additional igniters like for example electric sparks. The
microwave plasma torch is based on a combination of two resonators - a coaxial one
which provides the ignition of the plasma and a cylindrical one which guarantees a
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continuous and stable operation of the plasma after ignition. The plasma can be
operated in a long microwave transparent tube for volume processes or shaped by
orifices for surface treatment purposes.
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Cover Letter

10" October 2014
Dear editor,

the presented work explains how an atmospheric pressure microwave plasma torch can be
ignited without any additional igniters and provides continuous and stable plasma operation.
Atmospheric pressure plasma sources come more and more important for industrial processes
since they offer a variety of different applications. The presented microwave plasma torch
offers the opportunity of electrodeless plasma, an ignition of the plasma solely by the supplied
microwave as well as a stable and continuous plasma operation. To achieve the ignition of the
plasma without any additional igniters as well as the stable and continuous plasma operation
the used power supply and the plasma torch have to characterized in detail and carefully
adjusted to each other. This process can be described in a common publication but it is much
more clear and descriptive if all the needed procedures to characterize the plasma torch and
the power supply and how they are adjusted carefully to each other are presented in a movie
and therefore are published as a video article in JOVE. Furthermore, the ignition of the plasma
is a very fast process and can only be observed with a high speed camera. Thus the
publication by JOVE offers the opportunity to also illuminate this aspect and show the slow
motion picture of the plasma ignition.

The main part of the presented work was conducted by Martina Leins and was supervised by
Uwe Schumacher. Sandra Gaiser assisted with the high speed camera recording. Andreas
Schulz and Matthias Walker supported the work with many helpful advices and fruitful
discussions. Thomas Hirth is head of the institute and therefore is involved in the presented
work.

The preparation of the manuscript was assisted by Mathew Solomon.
Possible reviewers, who are familiar with the scientific topic, are:

1. Dr. Julius Roch, Fraunhofer Institut fir Werkstoff- und Strahltechnik (IWS), Dresden,
Abt. CVD-Dunnschichttechnologie, Winterbergstr. 28, D — 01277 Dresden, Germany
e-mail: Julius.Roch@iws.fraunhofer.de

2. Dr. Waldo Bongers, Dutch Institute of Fundamental Energy Research (DIFFER), P.O.
Box 1207, NL — 3430 BE Nieuwegein, The Netherlands, e-mail:
w.a.bongers@differ.nl

3. Joachim Schneider, Meugge GmbH, Hochstrasse 4 — 6, D - 64385 Reichelsheim,
Germany, e-mail: Joachim.Schneider@mueqgge.de

4. Dr. Rudiger Foest, Leibniz-Institut fur Plasmaforschung und Technolgie e.V., INP,
Felix-Hausdorff-Str. 2, D — 17489 Greifswald, Germany, e-mail: foest@inp-
greifswald.de

5. Prof. Dr. Holger Kersten, Institut fir Experimentelle und Angewandte Physik der
Christian-Albrechts-Universitat zu Kiel, LeibnizstraBe 11-19, D — 24098 Kiel,
Germany, e-mail: kersten@physik.uni-kiel.de
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SHORT ABSTRACT:

This movie shows how an atmospheric plasma torch can be ignited by microwaves with no
additional igniters and provides a stable and continuous plasma operation suitable for plenty of
applications.

LONG ABSTRACT:

This movie shows how an atmospheric pressure plasma torch can be ignited by microwave
powers with no additional igniters. After ignition of the plasma, a stable and continuous
operation of the plasma is possible and the plasma torch can be used for many different
applications. On one hand, the hot (3600 K gas temperature) plasma can be used for chemical
processes and on the other hand the cold afterglow (temperatures down to almost room
temperature) can be applied for surface processes. For example chemical syntheses are
interesting volume processes. Here the microwave plasma torch can be used for the
decomposition of waste gases which are harmful and contribute to the global warming but are
needed as etching gases in growing industry sectors like the semiconductor branch. Another
application is the dissociation of CO,. Surplus electrical energy from renewable energy sources
can be used to dissociate CO, to CO and O,. The CO can be further processed to gaseous or
liquid higher hydrocarbons thereby providing chemical storage of the energy, synthetic fuels or
platform chemicals for the chemical industry. Applications of the afterglow of the plasma torch
are the treatment of surfaces to increase the adhesion of lacquer, glue or paint, and the
sterilization or decontamination of different kind of surfaces. The movie will explain how to
ignite the plasma solely by microwave power without any additional igniters, e.g., electric
sparks. The microwave plasma torch is based on a combination of two resonators — a coaxial
one which provides the ignition of the plasma and a cylindrical one which guarantees a
continuous and stable operation of the plasma after ignition. The plasma can be operated in a
long microwave transparent tube for volume processes or shaped by orifices for surface
treatment purposes.

INTRODUCTION:

Atmospheric pressure microwave plasma torches offer a variety of different applications. On
one hand they can be used for chemical volume processes and on the other hand their
afterglow plasma can be applied for the treatment of surfaces. As surface treatment processes
the treatment to increase the adhesion of glue, paint or lacquer or the decontamination or
sterilization of surfaces can be named. The hot and reactive plasma itself can be used for
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volume processes like the decomposition of waste gases ' ~’. These waste gases are harmful,
contribute to the global warming and can hardly be degraded conventionally. However, they
are needed in growing industrial sectors such as the semiconductor branch. Other applications
are chemical synthesis like the dissociation of CO, to CO and O, or CH,4 to carbon and hydrogen
89, Surplus electrical energy from renewable energy sources can be used to dissociate CO, into
CO and 0,. The CO can be processed further to higher hydrocarbons which can be used as
synthetic fuels for transportation, as platform chemicals for the chemical industry or as
chemical storage.

There are some microwave plasma torches but most of them have disadvantages: They only
have very small plasma volumes, need additional igniters, need cooling of the plasma reactor or
can only be operated in pulsed mode * ~ 8. The microwave plasma torch presented in this
movie offers an ignition of the plasma solely with the provided microwave power with no
additional igniters as well as a stable and continuous operation without any cooling of the
plasma reactor for a broad range of operation parameters and can be used for all of the above
mentioned applications. The microwave plasma torch is based on a combination of two
resonators: a coaxial one and a cylindrical one. The cylindrical resonator has a low quality and is
operated in the well-known Eg19-mode with the highest electrical field in its center. The coaxial
resonator is located below the cylindrical resonator and consists of a movable metallic nozzle in
combination with a tangential gas supply. The high quality of the coaxial resonator exhibits a
very narrow but deep resonance curve. Due to the high quality of the coaxial resonator a high
electrical field can be reached which is required for the ignition of the plasma. However, the
high quality of the coaxial resonator is associated with a very narrow resonance curve and
therefore the resonance frequency has to perfectly match the frequency of the supplied
microwave. Since the resonance frequency shifts after ignition of the plasma due to the
permittivity of the plasma, the microwave can no longer penetrate into to the coaxial
resonator. For the continuous operation of the plasma the cylindrical resonator with a low
quality and a broad resonance curve is needed.

An additional axial gas supply via the metallic nozzle of the coaxial resonator is possible. The
plasma is ignited and confined in a microwave-transparent tube, for example a quartz tube. The
permittivity of the quartz tube also affects the resonance frequency. Since the quartz has a
permittivity of > 1, the volume of the cylindrical resonator is virtually enlarged which leads to a
lower resonance frequency. This phenomenon has to be considered when the dimensions of
the cylindrical resonator are designed. A detailed discussion about how the resonance
frequency is affected by the inserted quartz tube can be found in Reference 23. If a long and
extended quartz tube is used, this can also act as the reaction chamber for the volume
processes. However, for surface treatments the plasma can also be shaped differently by
different kind of orifices. The microwave is supplied via a rectangular waveguide from the
magnetron. To avoid noise nuisance the use of a low ripple magnetron is recommended. The
magnetron which is used in the movie is a low ripple one.

For the ignition of the plasma the high quality coaxial resonator is used while a stable and
continuous operation is provided by the cylindrical resonator. To achieve the ignition of the



plasma by the high quality coaxial resonator the resonance frequency of this resonator has to
perfectly match the frequency of the microwave provided by the used magnetron. Since all
magnetrons do not emit their microwave frequency at exactly the nominal frequency and since
the frequency is dependent on the output power, the magnetron has to be measured with a
spectrum analyzer. The resonance frequency of the coaxial resonator can be adjusted by
moving the metallic nozzle up and down. This resonance frequency can be measured and
thereby also adjusted to the sending frequency of the used magnetron with a network analyzer.
To reach the high electrical field at the tip of the nozzle, required for the ignition of the plasma,
a three stub tuner is needed in addition. This three stub tuner is a commonly used microwave
component. The three stub tuner is mounted between the microwave plasma torch and the
magnetron. After the resonance frequency of the coaxial resonator is adjusted, the forward
power is maximized and the reflected power minimized by iteratively adjusting the stubs of the
three stub tuner.

After having adjusted the resonance frequency of the coaxial resonator as well as having
maximized the forward powers by means of the three stub tuner, the plasma of the microwave
plasma torch can be ignited when the microwave plasma torch is connected to a magnetron.
For the ignition of the plasma a minimum microwave power of about 0.3 to 1 kW is sufficient.
The plasma ignites in the coaxial resonator. After the ignition of the plasma the resonance
frequency of the coaxial resonator is shifted due to the dielectric permittivity of the plasma and
the microwave can no longer penetrate into the coaxial resonator. Thus, the plasma switches
from the coaxial mode into its much more extended cylindrical mode burning freely-standing
above the metallic nozzle in the center of the cylindrical resonator. Since the quality of the
cylindrical mode is very low and therefore exhibits a broad resonance curve, the microwave can
still penetrate into the cylindrical resonator despite of the shift of the resonance frequency due
to the dielectric permittivity of the plasma. Thus, a continuous and stable operation of the
plasma in the cylindrical mode is provided by the microwave plasma torch. However, to reach a
complete absorption of the supplied microwave power, the stubs of the three stub tuner have
to be readjusted. Otherwise the supplied microwave power is not completely absorbed by the
plasma but some percentage of the provided microwave is reflected and absorbed by the water
load.

To examine the ignition of the plasma in the coaxial mode and then its transition into the
extended cylindrical mode, the plasma ignition is observed by a high speed camera.

The presented movie will show how the frequency dependence of the magnetron is measured,
the resonance frequency of the coaxial resonator is adjusted, how the forward power is
maximized and how the plasma is ignited by the supplied microwave power. The high speed
camera recording is shown as well as.

PROTOCOL:

1. Measurement of the Magnetron



Note: The schematic of the experimental setup for measuring the magnetron is depicted in
Figure 1a.

1.1) Connect the magnetron to an insulator consisting of a circulator and a water load with
10 screws.

1.2) Connect the insulator to a directional coupler with 10 screws.
1.3) Connect the directional coupler to a second water load with 10 screws.
1.4) Supply all water loads with water.

1.5) Calibrate the spectrum analyzer with its calibration function according to
manufacturer’s protocol.

1.6) Connect a 20 dB attenuator to the spectrum analyzer by plugging the 20 dB attenuator
to the spectrum analyzer.

Note: The 20 dB attenuator is used to protect the spectrum analyzer from too high powers
above 1 W.

1.7) Connect the 20 dB attenuator equipped spectrum analyzer to the end of the coaxial
cable equipped with a BNC connector by plugging the coaxial cable into the 20 dB attenuator.

1.8) Connect the end of the coaxial cable equipped with an N connector to the directional
coupler by plugging the coaxial cable to the directional cable.

1.9) Switch on the magnetron via the power supply and the spectrum of the emitted
microwave is displayed on the spectrum analyzer.

1.10) If necessary, adjust the displayed abscissa, ordinate and their resolution according to
the manual of the spectrum analyzer.

1.11) To measure the frequency of the output microwave in dependence of the microwave
power, increase the microwave power from 10% to the maximum of the output power in 5% to
10% steps and for every step determine the frequency of the maximal amplitude of the

spectrum displayed by the spectrum analyzer.

Note: Usually, the frequency spectrum of a magnetron below 10% of its maximum output
power is very broad, exhibits many different peaks and therefore is not usable.

2. Adjustment of the Resonance Frequency

Note: The schematic of the experimental setup for measuring and adjusting the resonance



frequency is depicted in Figure 2a.

2.1) Calibrate the network analyzer with the calibration kit for S11 operation (according to
manufacturer’s protocol).

2.2) Connect the coaxial cable via the N-connector to the coaxial part of a coaxial-to-
rectangular-wave guide transition by plugging the coaxial cable to the coaxial-to-wave-guide-
transition.

2.3) Connect the rectangular part of the coaxial-to-rectangular-wave guide transition to a
three stub tuner with 10 screws.

2.4)  Connect the three stub tuner to the microwave plasma torch assembly with 10 screws.
2.5) Inthe network analyzer menu switch to S11 operation.
2.6) Inthe network analyzer menu switch to VSWR mode or to log mode.

2.7) lteratively adjust the resonance frequency of the microwave plasma torch assembly to
the measured frequency of the magnetron at an output power of 25 - 60% of the maximum
output power by moving the nozzle up and down. The resonance frequency of the microwave
plasma torch assembly is given by the dip of the S11 parameter measurement as depicted in
Figure 2b. Adjust this dip by moving the nozzle up and down to the recommended frequency.

2.8) When the resonance frequency is adjusted, lock the position of the nozzle with the
locking nut.

2.9) Increase the forward microwave power iteratively by adjusting the three stubs of the
three stub tuner by moving the stubs up and down. The microwave power absorbed by the
microwave plasma torch assembly is given by the depth of the dip of the S11 parameter. Thus,
maximize this dip by adjusting the stubs of the three stub tuner. Commonly, it is sufficient that
two of the three stubs are used.

3. Ignition of the Plasma

3.1) Wear UV protection glasses since the plasma emits UV radiation. Operate the plasma
torch under local gas ventilation since the plasma produces nitride oxides.

3.2) Connect the microwave plasma torch assembly with the adjusted coaxial resonator
(nozzle is locked) and the adjusted three stub tuner to the magnetron equipped with an

insulator consisting of a circulator connected to a water load.

3.3) Connect the gas supply to the microwave plasma torch.



3.4) Turn on the gas supply to 5 to 20 sIm.

3.5) Since microwave radiation in higher doses is harmful especially for the eyes, check that
there are no microwave leakages.

3.5)1. To do so, turn on the microwave at a very low power of 10 to 12% and check all
microwave connections with a microwave meter for leakages.

3.5)2. If there are any leakages remove them completely before increasing the microwave
power or operating the microwave plasma torch.

3.6) If there are no leakages turn on the microwave starting with low powers of 10% and
increase the microwave power slowly within 10 to 60 s until the plasma ignites in the quartz
tube of the microwave plasma torch.

3.7) Carefully observe if and where the plasma ignites but be careful with possibly radiated
microwaves. Preferably use a mirror for the observation of the plasma ignition.

3.8) If no plasma ignites, switch off the microwave power and carefully check if the
microwave power is properly coupled into the coaxial resonator and not misguided to other
components heating them up or even harming them. Check if some components are getting
heated up.

3.8)1. If any component gets heated up — i.e., the microwave power is misguided — move all
stubs of the three stub tuner out of the waveguide and adjust them to maximize the microwave
coupling into the plasma torch assembly as described in step 2.9. Then start again with step 3.1.

3.8)2. Adjust the resonance frequency of the coaxial resonator of the plasma torch to the
sending frequency of the magnetron at a high enough microwave power output of 25 to 60% of
the maximum output power with the network analyzer as described in step 2. To improve the
ignition, adjust the resonance frequency of the coaxial resonator as described in step 2 to a
higher output power. Then start again with step 3.1.

3.9) If the plasma ignites somewhere in the plasma torch and does not automatically switch
to the coaxial or cylindrical mode, vary the supplied microwave power and gas flow until it
burns in the cylindrical mode.

3.10) When the plasma burns in the cylindrical mode, iteratively adjust the stubs of the three
stub tuner by moving them up and down so that all of the supplied microwave power is
absorbed by the plasma and the reflected microwave power becomes zero.

Note: If a microwave diode is connected to the water load and to the corresponding input of
the control unit, the reflected microwave power is displayed at the control unit of the
microwave power supply. How to do this is described in the manual of the microwave power



supply.

3.11) When higher microwave powers of 1.5 kW or more and low gas flows of less than 15 slm
are used, check carefully that the plasma does not touch the walls of the quartz tube. The
quartz tube must not glow anywhere.

3.12) If the quartz tube glows red, decrease the microwave power or increase the gas flow
until it vanishes completely.

3.13) Since microwaves can be radiated by the plasma due to the conductivity of the plasma,
check with a microwave meter that the radiated microwave power is below the threshold.

3.14) If the radiated microwave power is above the threshold, shield the plasma with a
metallic mesh where the mesh size is much smaller than half of the used microwave wave
length.

4. High-Speed Camera Movie of the Plasma Ignition

Note: Since the ignition of the plasma and its transition to the cylindrical mode is in the range of
some hundred milliseconds, this process can best be investigated by means of a high speed
camera. However, it is not necessary to observe the ignition process by means of a high speed

camera each time the plasma is ignited.

4.1) Place the lens of the high speed camera in front of the microwave plasma torch looking
through the diagnostic slit at the front of the plasma torch.

4.2)  Adjust until the camera is pointing into the coaxial resonator at the tip of the metallic
nozzle.

4.3)  Focus the camera on the tip of the metallic nozzle.

4.4)  Start the recording with 1000 fps (frames per second) of the high speed camera.

4.5) Ignite the plasma as described in section 3.

5. Stable and Continuous Plasma Operation

Note: When the plasma has been ignited in the cylindrical mode and the three stub tuner has
been adjusted to maximize the absorption of the microwave power by the plasma a stable and
continuous operation of the plasma torch is possible.

5.1)  Adjust the dimension — the radial and axial extension — of the plasma to the desired

dimension by varying the supplied microwave power between 10% and the maximum output
power and the gas flow between 10 and 70 slm. Keep the radial dimension limited to the



diameter of the quartz tube. The plasma must not touch the wall of the quartz tube which
means that the quartz tube must not glow.

5.2) To shape the plasma to different shapes, use a short quartz tube which only confines
the plasma inside of the cylindrical resonator and place one orifice on the top of the plasma
torch assembly.

5.3) If necessary, fasten the orifices with some screws.

REPRESENTATIVE RESULTS:

To provide a plasma ignition without any additional igniters as well as a stable and continuous
plasma operation a high quality coaxial resonator with an adjustable resonance frequency was
combined with a low quality cylindrical resonator to a microwave plasma torch. The schematic
of this plasma torch is presented in Figure 3. The plasma is confined into a microwave-
transparent tube, here a quartz tube. This tube can act as a reaction chamber for volume
plasma processes or a plasma brush for surface treatments can be formed by an orifice. The
microwave power is guided via a rectangular waveguide from the magnetron to the microwave
plasma torch. Different kinds of gases can be supplied via either the tangential gas supply or
axially through the metallic nozzle of the coaxial resonator. The microwave plasma torch is
equipped with a frontal slit, so that the plasma inside the torch and the ignition can be
investigated in detail.

To guarantee an ignition of the plasma solely by the supplied microwave power a high electrical
field of about 3 to 6 MV/m is needed. To get a better understanding of the electrical field
distribution, simulations of the electric field distribution as well as Eigenmode analysis with the
commercially available simulation software COMSOL Multiphysics were conducted. Modeling
and simulations of electrical field distributions of atmospheric pressure microwave plasma
torches provided already detailed insights and led to further developments and improvements
regarding for example their ignition or operation behavior 19-22

The electrical field distribution of the coaxial mode as well as of the common cylindrical Egig
mode is depicted in Figure 4a and 4b, respectively. The electrical field is displayed in arbitrary
units, since the electrical field in the coaxial resonator is many times higher compared to the
electrical field in the cylindrical resonator. It can be seen that a high electrical field at the nozzle
tip is reached with the coaxial resonator and the highest electrical field of the cylindrical
resonator is in the center of the cylindrical resonator. The resonance frequency of the coaxial
resonator can be varied by the position of the metallic nozzle. The simulation results for the
resonance frequencies for different nozzle positions for a microwave plasma torch with a
cylindrical resonator with a radius of 0.05 m and a height of 0.048 m are shown in the diagram
in Figure 4c. It can be seen that the resonance frequency of the cylindrical mode is not affected
by the position of the metallic nozzle. However, the resonance frequency of the coaxial mode is
dependent on the nozzle position and decreases when the metallic nozzle is moved upwards
into the cylindrical resonator.



To reach the required high electrical field in the coaxial resonator this resonance-frequency-
adjustable coaxial resonator exhibits a high quality and a sharp and narrow resonance curve.
However, a sharp and narrow resonance curve requires that the resonance frequency of the
coaxial resonator matches perfectly the frequency of the supplied microwave. Since usually
magnetrons do not emit the microwave at their nominal frequency and since the frequency of
the microwave is dependent on the output power of the microwave, the frequency
dependence of the magnetron has to be measured by means of a directional coupler and a
spectrum analyzer. The experimental set-up to measure the frequency dependence of the
magnetron with a spectrum analyzer is schematically given in Figure la. The measured
frequency dependence of the utilized magnetron is shown in the diagram in Figure 1b. The
center frequency was set to 2.45 GHz and the video bandwidth was 200 MHz. It can be seen
that at a power of 200 W (10% of the maximum output power of the magnetron) the frequency
of the microwave is at 2.44638 GHz and increases when the microwave power is increased. At
the maximum output power of 2 kW the microwave frequency reaches a value of 2.45213 GHz.

The resonance frequency of the microwave plasma torch can be measured with a network
analyzer and since the nozzle is movable the resonance frequency of the coaxial resonator can
be adjusted. To do so, the microwave plasma torch assembly has to be connected to a network
analyzer via a rectangular-to-coaxial waveguide transition to the network analyzer as shown in
the schematic in Figure 2a. By measuring the S11 parameter of the microwave plasma torch
assembly the resonance frequency can be determined. The S11 parameter represents the ratio
of the input power to the reflected power in dependence of the frequency. When a resonance
is reached, an electrical field establishes in the resonator structure leading to a reduced
reflected microwave power. However, the field strength inside the cavity is directly related to
the fixed wave amplitude of the microwave provided by the network analyzer. A dip appears in
the S11 spectrum which corresponds to the resonance frequency. A typical measurement of the
S11 parameter is depicted in Figure 2b. Here a resonance is observed at a frequency of
2.846 GHz. By moving the metallic nozzle up and down, the resonance frequency of the coaxial
resonator can be varied as the simulations depicted in Figure 4c showed. This dependence of
the resonance frequency of the coaxial resonator on the metallic nozzle position can be
measured by means of the S11 parameter. A measurement of the resonance frequency in
dependence of the nozzle position and the appertaining simulation results are presented in the
diagram in Figure 2c. This diagram shows that there is a good agreement between the
simulation results and the measured values of the resonance frequency. The very small shift of
the two curves can be explained by very small deviations of the geometry or dimension of the
manufactured nozzle compared to the ones used for the simulations. To adjust the resonance
frequency of the coaxial resonator to the frequency of the supplied microwave, the metallic
nozzle has to be iteratively moved up and down until the dip in the S11 parameter is located at
the measured microwave frequency. Then the metallic nozzle has to be locked and the forward
power can be maximized by iteratively adjusting the stubs of the three stub tuner so that the
S11 parameter dip reaches its maximum depth. The high quality of the resonator and the
maximized forward power lead to fewer microwave reflections and a high electrical field is
established in the resonator which is why a deep dip in the S11 parameter results.



After the microwave plasma torch assembly is mounted to the magnetron and the gas supply is
connected, the plasma torch can be ignited and operated. The ignition of the plasma can be
investigated best by observing the ignition with a high speed camera. The ignition of the plasma
was recorded at 1000 fps. The presented plasma ignition was conducted at a microwave power
of 1 kW and a supplied gas flow of 15 sIm air. Images of each phase of the ignition are
summarized in Figure 5. The image in Figure 5a shows the view from above, looking down on
the nozzle at an angle through the diagnostic slit at the front of the inoperational plasma torch.
The bottom of the cylindrical resonator is in the front. In the mid plane you can see the
beginning of the coaxial resonator. The tip of the nozzle can also be seen. The bottom of the
cylindrical resonator is located in the background again. Since the focus is on the nozzle tip, the
bottom of the cylindrical resonator is somewhat blurry. The other images show the phases of
the plasma ignition. When the microwave power is turned on at t =0 ms, the plasma ignites
somewhere in the coaxial resonator as can be seen in Figure 5b. Then, during 64 ms, the plasma
winds up the metallic nozzle to its tip and then burns straight at the nozzle tip in the coaxial
mode as the Figures 5c to 5e show. The intensity of the plasma grows for the following 692 ms
as it is shown in Figure 5f. Then, due to the shift of the resonant frequency caused by the
burning plasma in the coaxial resonator one millisecond later, the plasma starts to break away
from the nozzle tip as shown in Figure 5g and 5h. The complete break away of the plasma from
the nozzle tip is reached after 58 ms as depicted in Figure 5i. The plasma is now burning freely
above the metallic nozzle in the cylindrical mode. During the last second, the three stub tuner is
readjusted to maximize the forward microwave power. This leads to an increase of the plasma
as the image in Figure 5j shows. However, the plasma is still burning freely above the nozzle tip
with no contact to it. Due to the low quality of the cylindrical resonator the plasma can be
operated continuously and stably in this cylindrical resonator mode.

The dimension of the plasma depends on the supplied microwave power and the gas flow.
Photos of the plasma for microwave powers of 1 and 2 kW and gas flows of 10, 30 and 70 slm
are presented in Figure 6. The resonator with its diagnostic slit at its front is located in the
lower part of the photos. The plasma is confined into a quartz tube within and above the
cylindrical resonator. UV light couples into the quartz tube which is why the quartz tube
exhibits a bluish glowing. It can be seen that the dimensions — radial and also the axial
extension — of the plasma increase with an increase of the supplied microwave power while an
increase of the gas flow leads to a smaller plasma flame. However, measurements of the gas
and electron temperature show the maximum temperatures of T,= 3600 K and electron
temperature T, = 5800 K are independent of the outer parameters, supplied microwave power
and gas flows, as well as of the plasma volume ¥ The temperatures were obtained by means of
optical emission spectroscopy. The A%S* - XZHY—transition of the free OH radical was used for
the determination of the gas temperature while a Boltzmann-plot of atomic oxygen lines was
conducted for the estimate of the electron temperature. A detailed description on how the
temperatures have been measured and the complete temperature distributions can be found in
References 23 and 24.

To treat surfaces in the afterglow of the plasma, the plasma can be shaped with different kinds
of orifices. Figure 7 depicts photos of differently shaped plasmas. The layout is similar to the



photos of the plasma confined to a long quartz tube: the cylindrical resonator is at the bottom
of the image; its diagnostic slit illuminated by the plasma. Differently shaped plasmas can be
seen burning above the top-opening. On the photo in Figure 7a the confining quartz tube does
not extend outside of the resonator. The plasma can burn freely above the resonator. An
extended plasma brush can be formed with as slit orifice as depicted in Figure 7b. A plasma
needle can be achieved by using an orifice with a hole in its center. This is shown in Figure 7c.
Very small and smooth afterglow plasmas are formed by orifices which have a narrow slit or
some small holes arranged in a circle as the photos in Figure 7d and 7e show.

Figure 1: Measurement of the magnetron. The schematic in a) shows how the frequency
dependence on a magnetron of the microwave output power can be measured by means of a
spectrum analyzer. The frequency dependence on the used magnetron of the output power is
depicted in b)

Figure 2: Coaxial and cylindrical mode. The distribution of the electrical field strength is
depicted in a) and b). a) shows the distribution for the coaxial mode while b) shows the one for
the cylindrical mode. The diagram in c) shows the dependence of the resonance frequency of
both the coaxial and the cylindrical mode on the position of the metallic nozzle in the plasma
torch. The resonator has a diameter of 0.05 m and a height of 0.0482 m.

Figure 3: Plasma torch setup. Schematic of the setup of the atmospheric microwave plasma
torch.

Figure 4: Measurement of the resonance frequency. The setup for the measurement and
adjustment of the resonance frequency of the microwave plasma torch by means of a network
analyzer is given in a). b) shows a typical measurement of the S11 parameter. The dip in the S11
parameter reflects the resonance frequency of the microwave plasma torch. The measured
dependence of the resonance frequency on the metallic nozzle position and the results of the
numerical simulations are summarized in c).

Figure 5: Ignition of the plasma. Images of each phase of the ignition of the plasma recorded by
a high speed camera at 1000 fps and at a microwave power of 1 kW and a gas flow of 15 slm
air. a) view from above, looking down on the nozzle at an angle through the diagnostic slit at
the front of the inoperational plasma torch. b) ignition of the plasma in the coaxial resonator. c)
to e) winding up of the plasma to the tip of the metallic nozzle until it burns in the coaxial
mode. f) the plasma increases. g) to i) the plasma breaks away from the metallic nozzle and
burns freely above the nozzle tip in the cylindrical mode. j) the plasma increases due to the
readjustment of the three stub tuner to maximize the forward power.

Figure 6: Photos. Photos of an air plasma for different supplied gas flows of 10, 30 and 70 slm
and microwave powers of 1 and 2 kW. The extent of the plasma depends on the supplied
microwave power and gas flow and it increases with an increase of the microwave power and a
decrease of the gas flow.



Figure 7: Different orifices. By using differently shaped orifices the plasma can be formed. a)
the confining quartz tube does not extend outside of the resonator and the plasma can burn
freely above the resonator. b) the plasma is shaped into a brush with a slit orifice. c) a plasma
needle is formed by a hole orifice. d) a very smooth plasma brush can be achieved by using an
orifice with a narrow slit and e) a smooth plasma area is formed by an orifice with some small
holes arranged in a circle.

DISCUSSION:

The presented movie explains how an ignition of an atmospheric pressure microwave plasma
without any additional igniters can be realized, the basic principles of this microwave plasma
torch, its adjustment, the ignition process of the plasma and its stable and continuous
operation. As described in the introduction, there already are different kinds of microwave
plasma torches but none of those provide an ignition of the plasma without any additional
igniters as well as stable and continuous plasma operation.

To obtain an ignition of the plasma without any additional igniters at atmospheric pressure a
high electrical field is necessary and therefore a resonator with a high quality while for a
continuous and stable plasma operation a low quality is needed. This can be realized by
combining a high quality coaxial resonator which guarantees the ignition of the plasma and a
low quality cylindrical resonator which provides a continuous and stable plasma operation.

The frequency of the supplied microwave has to perfectly match the resonance frequency of
the high quality coaxial resonator so that the provided power is coupled into the resonance
chamber. Therefore the frequency dependence of the magnetron has to be well known and the
resonance frequency of the coaxial resonator has to be adjustable. The sending frequency of
the magnetron can be measured with a spectrum analyzer while the resonant frequency of the
coaxial resonator can be measured by means of a network analyzer and adjusted by the
movable nozzle.

To guarantee the ignition of the plasma solely by the supplied microwave, it is crucial that the
resonance frequency of the coaxial resonator perfectly matches the sending frequency of the
magnetron. Furthermore, the microwave has to be coupled completely into the coaxial
resonator of the plasma torch assembly which is achieved by maximizing the forward power
with the three stub tuner. If these critical steps are not conducted carefully it is possible that
the plasma will not ignite or that the microwave is coupled into the experimental setup
somewhere what could lead to some damage of these parts. Thus if no ignition of the plasma is
observed, these steps have to checked carefully again. Furthermore, it is possible that the
plasma ignites but does not switch to the coaxial or cylindrical mode by itself. In this case the
plasma can commonly be switched first to the coaxial mode and then to the cylindrical mode by
varying the gas flow and the supplied microwave power.

To obtain a more automatic ignition and operation of the plasma an automatic three stub tuner
which automatically adjusts its stubs to maximized forward power can be used instead of the
manual one. Thus the adjustment of the stubs for ignition of the plasma and afterwards the



adjustment for the operation of the plasma are automatically conducted by this three stub
tuner. To achieve plasma ignition without any additional igniters and stable and continuous
plasma operation the presented smart combination of the two resonator structures and the
presented technique of the measurement of the magnetron by a spectrum analyzer and the
measurement and adjustment of the resonant frequency by means of a network analyzer are
crucial.

The ignition of the plasma was investigated in detail with a high speed camera. It revealed that
the plasma ignites in the coaxial resonator, winds up to the tip of the nozzle burning in the
coaxial mode, increases in intensity and volume, breaks away from the metallic nozzle,
increases further and then burns freely above the metallic nozzle in the cylindrical mode. After
the ignition of the plasma and its transition to the cylindrical mode the plasma can be operated
stably and continuously. The dimension of the plasma depends on the supplied microwave
power and gas flow and increases when the supplied microwave power is increased or the gas
flow is decreased. Furthermore, the plasma can be shaped to needles, brushes or smooth
afterglow plasmas by using orifices.

The gas flow and the microwave power of the presented microwave plasma torch are limited to
about 100 sIm and some kWs which also limits the volume of the plasma. Since the quartz tube
must not be damaged the radial diameter of the plasma is limited to the inner diameter of the
quartz tube. If a larger plasma volume is required or large gas flows have to be treated, the
plasma source can be up-scaled by using a lower microwave frequency, for example 915 MHz
instead of 2.45 GHz. With 915 MHz more microwave power is available, leading to larger
plasma volumes which allow larger gas flows to be handled. However, when higher powers are
used, the risk of damage, especially of the metallic nozzle, during the ignition of the plasma or
during operation increases and therefore another ignition mechanism has to be considered.
Furthermore, the plasma parameters, like electron and gas temperature, are independent of
the outer parameters like gas flow and supplied microwave power. Thus, if an atmospheric
pressure plasma with different plasma parameters is needed, a different source has to be used
or one which meets the required needs has to be newly developed.

Since the presented atmospheric pressure microwave plasma torch provides ignition of the
plasma without any additional igniters as well as stable and continuous plasma operation, the
plasma source is suitable for many industrial applications. The advantage of the ignition of the
plasma without any additional igniters for industrial processes, especially when an automatic
three stub tuner is used, is that only the microwave has to be switch on and the process starts
to run reliably and automatically. Furthermore, if a discontinuous operation is needed where
the process is running for some time followed by intermittency, the plasma process can be
restarted quickly, reliable and automatically and there is no attrition of an additional ignition
system. Volume processes like chemical synthesis as well as surface treatments with the
afterglow plasma can be named as applications of the microwave plasma torch. Studies on the
successful degradation of harmful waste gases, especially for greenhouse gases like
perfluorinated compounds which are used in the growing semiconductor industry, on the
dissociation of CO, to CO and O as well as on the pyrolysis of methane to hydrogen and carbon



have already been conducted. Furthermore, the afterglow plasmas were used for the treatment
of surfaces to increase the adhesion of glue and paint and for decontamination and sterilization
purposes. For example, the plasma source can be used for the decontamination of the surface
of cork stoppers to degrade trichloroanisole, which causes the so called cork taint. Another
application is the reduction of germs on surfaces, like on packaging materials or on food.

The presented technique how the sending frequency of a high frequency power supply is
measured by means of a spectrum analyzer and how the resonant frequency of a resonant
structure is measured and adjusted by means of a network analyzer can also be applied to
other high frequency plasma sources. As an example a tiny little micro microwave plasma jet
which is based on a A/4-resonator can be named 25-27

Lastly, the presented movie will lead to further developments and improvements of
atmospheric pressure and/or microwave plasma sources.
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to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rightsto JoVE

6. Grant of Rghts in Video — Open Access. This Section 6
applies only if the “Open Access' box has been checked in
ltem 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JbVE subject to Section 7 below, the exclusive,
. royalty-free, perpetual (for the full term of copyright in the
Artide, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (induding without limitation in print, digital and
electronic form) throughout the world, (b) to trandate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Qollective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
(ollective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exerdsed in all media
and formats, whether now known or hereafter devised, and
indude the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, bVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRCLicense.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United Sates government
employee, as indicated in ltem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
soope of the 17 U.SC 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to bVEthe
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JDVE the right to use the Author's name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Artide and
Video License Agreement with JVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, induding, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JbVE Discretion. If the Author requests the assistance of
JoVEin producing the Video in the Author's fadility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. i more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Artide until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to acoept
or decline any work submitted to JOVE bVE and its
employees, agents and independent contractors shall have



Dve s ARTICLE AND VIDEO LICENSE AGREEMENT

VISUALITED § WWW.OVR.COon

full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrées to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney's fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsibie
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a USS$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JOVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Rebuttal Comments
Click here to download Rebuttal Comments: responding_letter_02.docx

Dear Dr. Nguyen,

please find below responds to every recommended comment. The responds to the comments have
been written in red below each comment. | have tracked all changes in my word processor, however
please note that the given line numbers correspond to the document where all changes have been
accepted.

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and
any errors in the submitted revision may be present in the published version.

The manuscript has been carefully proofread.

The manuscript will greatly benefit from copyediting by a native English speaker. There are
numerous copy-editing errors throughout.

The manuscript has been copy-edited by a native speaker.

2. In Steps 1&2-please add more detail on how things are connected to each other for the
narration.

More details on how the mentioned things are connected to each other have been inserted.

3. Please make sure all references are in the correct format (eg. Ref #4 is not).

[Lastname, F.I., LastName, F.I., LastName, F.l. Article Title. Source. Volume (Issue), FirstPage —
LastPage, doi: DOI (YEAR).]

The references have been reviewed and where needed corrected or completed. However,
not for all references all issues like page number, doi, etc. where available. Furthermore,
some new references have been added due to reviewer’s advices.

Reviewers' comments:

Reviewer #1:


http://www.editorialmanager.com/jove/download.aspx?id=249007&guid=5cf7c43e-d897-492a-b21d-2777c7e891d5&scheme=1

The article provides a very detailed description of a new atmospheric pressure plasma torch
and its operation.

Major Concerns:

N/A

Minor Concerns:

N/A

Reviewer #2:

The authors consider and discuss the operation of an atmospheric pressure microwave
plasma torch. The research group in Stuttgart is working successfully since many years on
microwave plasmas for process technology. Now, they discuss in the submitted paper
especially the ignition of such a plasma source.

According to the scope and outline of the journal (JoVE) the authors carefully describe the
methods and procedure of their experimental investigations. The recipe-like description of
the several steps in the protocol is clear and understandable.

In the following | list some remarks and suggestions for changes / additions:

# The authors state that the coaxial resonator exhibits a high quality (line 108). This
statement should be explained in more detail, e.g. the effect of the resonator on the plasma
operation and the applications might be extended.

In line 108 to 116 more and detailed information is provided now. Furthermore, in line 146 to
162 this issue is discussed, too.

# The sequence of the figures starts with Fig.3a (line 159). Fig.s 1 and 2 are mentioned later.
The sequence should be corrected.

The sequence of the figures has been corrected.



# Concerning the COMSOL Multiphysics simulation (mentioned in line 349) the authors may
provide some related references and comparison with MW simulation results of other
groups.

In line 379 to 382 references have been inserted. However, a detailed comparison of the
presented simulations with results from other groups is not feasibly since different
geometries have been used.

#In lines 436 to 439 the authors list the measured gas temperature and electron
temperature, respectively, in the plasma source. How did they obtain these values? Please,
describe the used diagnostics and data evaluation in more detail.

In line 476 to 481 more information about the method how the temperatures where
measured and also reference where they are described in more detail are given. A more
detailed description in this JoVE paper would be beyond the scope of the paper.

# Either in the "Introduction" or in the "Discussion" the applications of the MW plasma torch
might be discussed more extensively. What are the special purposes of the source the
authors studied? In particular, what is the advantage of their findings in regard to the ignition
for technological applications?

In line 605 to 622, in the discussion, more information addressing the mentioned issues has
been inserted. However, a more detailed discussion about the applications of the plasma
source would be beyond the scope of this paper.

Reviewer #3:
Manuscript Summary:

The methods for tuning the double-resonator based atmospheric pressure microwave
plasma torch are described in detail so that interested plasma scientists will most probably
not face any difficulties to get a similar atmospheric pressure microwave plasma torch in
operation without additional igniters. Particularly the video recorded by means of the high
speed camera will be of great interest with regard to understanding the single processes
from ignition of the plasma in the high-quality coaxial resonator to the plasma finally
detaching from the tip of the metallic nozzle. However, it is recommended to the authors to
perform some modifications in their paper with regard to English syntax and spelling (see
below).

- The title and the abstract are appropriate for this method article.



- The authors provided several examples of application of the atmospheric pressure
microwave plasma torch.

- It could not be realized that any major material or equipment would be missing in the table.

- The steps listed in the procedure are described very detailed, so it is expected that the
procedure will lead to the described outcome.

- The steps listed in the procedure are clearly explained.
- It does not seem any important step from the procedure missing.

- The authors mention several details that have to be paid particular attention to when
reproducing the methods for getting the atmospheric pressure microwave plasma source
into operation without any additional igniters.

- The authors revealed all critical steps in detail, so there does not seem any important
information missing.

- The anticipated results seem to be reasonable. Consequently, they will be very useful for
scientists interested in operation of atmospheric pressure plasma sources without any
additional igniters.

- The given references provide a substantial overview on atmospheric pressure plasma
sources and their applications and will therefore be very useful for readers.

Major Concerns:

In the paragraph describing the figures 5a) to 5j) (see lines 403 to 427), the cross reference
between the text and the figures 5f) to 5j) has to be corrected starting from line 417: [...] The
intensity of the plasma grows for the following 692 ms as it is shown in Figure 5[f]). Then, due
to the shift of the resonant frequency caused by the burning plasma in the coaxial resonator
one millisecond later[,] the plasma starts to break away from the nozzle tip as shown in
Figure 5[g]) and 5[h]). The complete break away of the plasma from the nozzle tip is reached
after 60 ms as depicte in Figure 5[i]). Now the plasma is burning freely above the metallic
nozzle in the cylindrical mode. During the last second|,] the three stub tuner is readjusted to
maximize the forward microwave powerl...]. This leads to an increase of the plasma as the
image in Figure 5[j]) shows. [...]

This has been corrected in line 441 to 464.

Minor Concerns:

| do not have any major concerns with regard to contents. However, the spelling and the
syntax have to be significantly improved by the authors.

- Example (lines 301-302): [...] However, it is not necessary to observe the ignition process
each time the plasma is ignited by means of a high speed camera. (According to the



misleading syntax, it seems that the plasma is ignited by means of a high speed camera. This
can be avoided by changing the syntax: [...] However, it is not necessary to observe the
ignition process by means of a high speed camera each time the plasma is ignited.)

This has been corrected in line 329 to 330.

- Example (line 520): it should read "[...] the plasma won't ignite [...]" instead of "[...] the
plasma wont ignited [...]".

This has been corrected.

- Example (lines 109-110): [...] The plasma is ignited and confined in a microwave transparent
[cylinder,] preferably a quartz tube. [...]" (missing word)

This has been corrected.

- Example (lines 100-101): [...] The in this movie presented microwave plasma torch offers
the opportunity of an ignition of the plasma solely with the provided microwave power [...]
(German syntax instead of English syntax)

This has been corrected.

- The word "slit" can be found several times in the text with wrong spelling "silt" (in lines 343,
431, 444, 447 and 489).

This has been corrected.

- Some words seem to be used in the wrong context, e.g. "color" should most probably read
"paint" (see lines 75 and 87), or "supplement[ary]" in the meaning of "surplus" (see lines 70
and 93).

This has been corrected.

- etc.

Additional Comments to Authors:
The authors are kindly asked to have their paper checked by a native English speaker.

The manuscript has been copy-edited by a native speaker.

Reviewer #4:
Manuscript Summary:

In general the topic is clearly presented. Nevertheless, the writing, the numbers and the
referencing should be reviewed.



Major Concerns:
Comment 1 (L114)

The author recommends a low ripple magnetron. Could the author provide any references,
how such low ripple tube can be purchased.

In line 127 to 128 a sentence has been inserted, that the magnetron, which used in the JoVE
movie, is a low ripple one. The company where this low ripple magnetron can be purchased
is given in the table of materials/equipment.

Comment 2 (L 121)

Could the author provide additional references concerning the dependency of the magnetron
frequency from the output power.

Sorry, but | found no further literature dealing with this effect. However, we, at our institute,
have measured several magnetrons and we observed this phenomenon for all measured
magnetrons.

Comment 3 (L 129)

The author should be stricter with using of quality, in means of electrical field amplification,
and forwarded power. This subject is well discussed in [1].

1. Rackow, K., et al., Microwave-based characterization of an atmospheric pressure
microwave-driven plasma source for surface treatment. Plasma Sources Science &
Technology, 2011. 20(3).

In line 142 this has been corrected according to the reviewer’s comments.

Comment 4 (L 294)
To shield the microwave, the mesh size should be much smaller than lambda/half.

In line 322 this has been corrected according to the reviewer’s comments.

Comment 5 (L 384)

The author explains the dip in the S11 parameter by storing of the energy in the resonator. If
this is the case, than the field strength should increase over the time. However this field
strength inside the cavity should be directly related to the fixed wave amplitude of the
incident wave, provided by the network analyzer.



In line 419 to 421 this has been corrected according to the reviewer’s comments.

Minor Concerns:
Comment 6 (L 110)

The author suggests for confining the plasma a quartz tube. However the effect of the tube
to the microwave properties of the cavities should be discussed.

In 1189 to 123 more information on this was added and also a reference where this is issue is
discussed in detail.

Comment 7 (L 122)
The author starts two following sentences with "the resonant frequency".

This has been changed in line 136 to 137.

Comment 8 (L 139)

The author describes the mode switching of plasma source. It would be interesting how the
settings of the three stub tuner, optimized for ignition, influence the power coupling in the
cylindrical mode.

More and detailed information on this has been inserted in line 158 — 162.

Comment 9 (L 163)
The directivity of the used directional should be described.

The used directional coupler is a homemade one and no directivity was measured nor
needed for this purpose since only the frequency dependence of the measured magnetron is
of interest and the value of the microwave power is unimportant.

Comment 10 (L 169)
When measuring with a spectrum analyzer, the used video bandwidth should be mentioned.

More and detailed information on this was inserted in line 404 to 406.

Comment 11 (L 172)



Could the author explain the function of the 20 dB attenuator.

An explanation why this 20 dB attenuator is used was inserted in line 194 to 195.

Comment 12 (L 174)
Concerning the coaxial cable, the author should provide a suggestion for suitable connectors.

Information on this has been inserted in line 197 to 201.

Comment 13 (L 311)
Could the author provide a description of fps.

A description of fps was added in line 340.

Comment 14 (L 343, L 431, L 444)
Is the meaning of used word silt, slit?

This was corrected everywhere in the manuscript.

Comment 15 (L 349)

The author refers to the electric field distribution. However, only the absolute value of it is
depicted.

The spatial distribution of the stationary electrical field in the resonator structure is given and
not an absolute value.

Comment 16 (L 351)

The author refers to the arbitrary unites of the electrical field. Could the author provide a
normalized scale. Furthermore the region around the tip is out of scale.

The simulations were conducted with an older version of the COMSOL Multiphysics software
and with the new version the old models cannot be opened any more. Therefore, these
pictures cannot be changed anymore.

Comment 17 (L 357)

Could the author review the dimension of the resonator.



The dimensions of the resonators have been corrected in line 3890.

Comment 18 (L 393)

Could the author comment on possible error sources for the discrepancy between
measurement and simulation.

More and detailed information on this was inserted in line 429 to 431.

Comment 19 (L 403-427)
The references to figure 5 and the timescale should be reviewed.

The references and the timescales have been corrected in line 440 to 463.

Comment 20 (L 569)
Could the author give a reference for the mentioned tiny little micro microwave plasma jet.

Three additional references have been inserted in line 627.



