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Abstract

This movie shows how an atmospheric pressure plasma torch can be ignited by microwave power 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 (3,600 K gas temperature) plasma can be used for chemical processes and on the other hand the cold afterglow (temperatures
down to almost RT) 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 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.

Video Link

The video component of this article can be found at http://www.jove.com/video/52816/

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 volume processes like the decomposition of waste gases 1–7. 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 CO2 to CO and O2 or CH4 to carbon and hydrogen 8,9.
Surplus electrical energy from renewable energy sources can be used to dissociate CO2 into CO and O2. 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 10–18. 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 E010-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 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
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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.

Protocol

1. Measurement of the Magnetron

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

1. Connect the magnetron to an insulator consisting of a circulator and a water load with 10 screws.
2. Connect the insulator to a directional coupler with 10 screws.
3. Connect the directional coupler to a second water load with 10 screws.
4. Supply all water loads with water.
5. Calibrate the spectrum analyzer with its calibration function according to manufacturer’s protocol.
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.
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.
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.
9. Switch on the magnetron via the power supply and the spectrum of the emitted microwave is displayed on the spectrum analyzer.
10. If necessary, adjust the displayed abscissa, ordinate and their resolution according to the manual of the spectrum analyzer.
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.

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

3. Connect the rectangular part of the coaxial-to-rectangular-wave guide transition to a three stub tuner with 10 screws.
4. Connect the three stub tuner to the microwave plasma torch assembly with 10 screws.
5. In the network analyzer menu switch to S11 operation.
6. In the network analyzer menu switch to VSWR mode or to log mode.
7. Iteratively 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.

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

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.

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. Connect the gas supply to the microwave plasma torch.
4. Turn on the gas supply to 5 to 20 slm.
5. Since microwave radiation in higher doses is harmful especially for the eyes, check that there are no microwave leakages.

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.

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

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 sec
until the plasma ignites in the quartz tube of the microwave plasma torch.

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.

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.

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.

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.

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.

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.

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.

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

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.

2. Adjust until the camera is pointing into the coaxial resonator at the tip of the metallic nozzle.
3. Focus the camera on the tip of the metallic nozzle.
4. Start the recording with 1,000 fps (frames per second) of the high speed camera.
5. Ignite the plasma as described in section 3.
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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.

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.

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.

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 E010 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 1a. 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 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 one 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.
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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 1,000 fps. The presented plasma ignition was conducted at a microwave power of 1 kW and a supplied gas flow of 15 slm
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 msec, the plasma ignites somewhere
in the coaxial resonator as can be seen in Figure 5B. Then, during 64 msec, the plasma winds up the metallic nozzle to its tip and then burns
straight at the nozzle tip in the coaxial mode as the Figure 5C to 5E show. The intensity of the plasma grows for the following 692 msec as it is
shown in Figure 5F. Then, due to the shift of the resonance frequency caused by the burning plasma in the coaxial resonator 1 msec 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 msec 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 Tg = 3,600 K and electron temperature Te = 5,800 K are independent
of the outer parameters, supplied microwave power and gas flows, as well as of the plasma volume 19. The temperatures were obtained by
means of optical emission spectroscopy. The A2Σ+ - X2Πγ-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.
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Figure 1. Measurement of the magnetron. The schematic in (A) shows how the frequency dependence of a magnetron of the microwave
output power can be measured by means of a spectrum analyzer. The frequency dependence of the used magnetron of the output power is
depicted in (B). Please click here to view a larger version of this figure.
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Figure 2. 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). Please click here to view a larger version of this
figure.

 

Figure 3. Plasma torch setup. Schematic of the setup of the atmospheric microwave plasma torch. Please click here to view a larger version of
this figure.
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Figure 4. 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. Please click here to view a larger version of this figure.
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Figure 5. Ignition of the plasma. Images of each phase of the ignition of the plasma recorded by a high speed camera at 1,000 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) – (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) – (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. Please click here to view a larger version of this figure.
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Figure 6. 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. Please click here to view a larger version of this figure.

 

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. Please click here to view a larger version of this figure.
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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 are already 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 be 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 slm and some kilowatts 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 switched 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 CO2 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 λ/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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