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Authors, please fill out the brief questionnaire below.   

A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____N_____ 
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)____N___ 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps using the step numbers listed in this document. _3.3; 3.4_
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list the steps using the step numbers listed in this document.__4 (4.1 to 4.3): To ensure that these steps will be successful I would suggest that I will prepare everything especially the setup for these steps and make sure that they work properly and reliably before the videographer will arrive and that these steps are recorded first. All other steps are not critical and can be recorded afterwards. The logical order of all steps can be rearranged during the cutting of the video. _
E.  Will the filming need to take place in multiple locations? (Y/N) ___N___ 
1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):

Procedural Narrative:
The overall goal of this procedure is to obtain a microwave plasma torch which provides ignition without any additional igniters as well as stable and continuous operation. (Intro)

This is accomplished by first measuring the frequency dependence of the magnetron. (P1)
The second step is to adjust the resonance frequency of the coaxial resonator of the microwave plasma torch to the sending frequency of the magnetron. (P2)
Next, maximize the forward microwave power by adjusting the stubs of the three stub tuner. (P3)
The final step is to mount the adjusted microwave plasma torch system to the priorly measured magnetron. (P4)
Ultimately, when the microwave power is supplied, the plasma ignites and can be operated stably and continuously. (P5)
Paste a copy of your graphic overview here.  The original file should be Adobe Illustrator (preferred) or Powerpoint (see instructions) and should be uploaded through your online submission on the JoVE website. Please keep all layers in the file (i.e., do not flatten the file).   
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B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Martina Leins: Though this method provides insight into the ignition process and operation of a microwave plasma torch, it can also be applied to other systems, such as microwave micro plasma jets.
Protocol (read by voice talent at JoVE):
Authors:  In order to ensure that your protocol can be filmed in a single day, the protocol text must be limited to 30 steps – each step being defined as 3 lines of 12 pt text in our formatting style below.  This amounts to 3 pages of protocol text.  The scope of the scripted protocol text should include only those aspects of the procedure that require visualization in order to be well understood.     
2. Measurement of the Magnetron
2.1. Begin by preparing the magnetron. [2.1.1-WIDE] This video begins with the magnetron connected to an insulator with a circulator and a water load. The insulator is connected to a directional coupler which is connected to a second water load. [2.1.2-MED/CU]  Before proceeding, supply all water loads with water. [2.1.3-WIDE/MED]

2.1.1. Talent at equipment.  Equipment in position to be shown in the next shot.

2.1.2. Talent (hands) pointing out the magnetron and insulator with circulator consisting of a circulator and a water load.  After a pause, talent pointing out the directional coupler and second water load.

2.1.3. Talent supplying water loads

2.2. Next, turn attention to the spectrum analyzer. [2.2.1-MED/WIDE-TXT]  Connect a 20 dB attenuator to protect the analyzer when power exceeds 1 Watt.  [2.2.2-CU] Then, get a coaxial cable. [2.2.3-MED] The cable should have a BNC connector at one end and an N connector at the other.  [2.2.4-CU] 

2.2.1. Talent going to work with analyzer. TEXT: The spectrum analyzer should be calibrated
2.2.2. Talent connecting attenuator

2.2.3. Talent getting cable, holding it so both ends are next to one another

2.2.4. Detail of cable ends to emphasize BNC and N connectors

2.3. Connect the BNC end to the attenuator and extend the cable to the directional coupler. [2.3.1-MED]  Connect the N connector of the coaxial cable to the directional coupler.  [2.3.2-CU]  This schematic provides an overview of the equipment connections at this point. [2.3.3-LM] Now, switch on the magnetron and view the spectrum on the spectrum analyzer display. [2.3.4-MED] and [2.3.5.]
2.3.1. Talent connecting cable to attenuator, then extending cable to coupler.

2.3.2. Detail of N connector being plugged into coaxial cable

2.3.3. LAB MEDIA: 52816_Figure_1a_300dpi.tif
2.3.4. Talent turning on magnetron and moving to view spectrum on analyzer
2.3.5. [added] Close-up of the screen of the spectrum analyzer showing the displayed spectrum of the magnetron.
2.4. Proceed to measure the frequency of the output as a function of the microwave power. [2.4.1-WIDE]  Do this by increasing the microwave power from 10% to 100% of its maximum output power in increments of 5–10% of maximum power.  For every step, determine the frequency of the maximum amplitude displayed on the spectrum analyzer. [2.4.2-LM]

2.4.1. Talent in the process of measuring frequency vs power

2.4.2. LAB MEDIA: 52816_Figure_1b_300dpi.tif (Video editor: Please draw a vertical line from the horizontal axis through the leftmost data point.  Label the point on the horizontal axis “10% maximum power”.  Similarly, draw a vertical line from the horizontal axis through the rightmost data point and label it “maximum power”.  Keep these up during the “Do this by... maximum power.”  Remove these for the last sentence. During the last sentence select a data point (the first on the left) and have a vertical line going from the horizontal axis terminate on the data point, as well as a horizontal line going from the vertical axis terminating at the data point. Over the course of the sentence, move to successive data points and create analogous intersecting lines after removing the previous lines.)
2.5. After completing the measurement, shut off the power and the water supply.  [2.5.1-MED.WIDE] Then, remove the directional coupler and the second water load, leaving the magnetron and insulator connected. [2.5.2-MED/CU]

2.5.1. Talent shutting off power and water

2.5.2. Final step of disassembly as directional coupler and water load are separated from the magnetron and insulator.
3. Adjustment of the Resonant Frequency
3.1. Once the spectrum of the magnetron has been measured, begin working with the microwave plasma torch assembly. [3.1.1-WIDE] The plasma torch assembly is connected to a three stub tuner, which is connected to a coaxial-to-rectangular transition. [3.1.2-CU] Use a network analyzer with an appropriate measuring cable equipped on one end and an N-connector on the other. Connect the analyzer via the N-connector to the coaxial-to-rectangular waveguide transition. [3.1.3-MED/CU]

3.1.1. Talent with plasma torch assembly and attached elements

3.1.2. View of plasma torch assembly, tuner, and transition

3.1.3. Talent, with cable that is already connected to the analyzer, extending other end to transition piece and connecting it to it.
3.2. This schematic gives the final configuration of the equipment for adjusting the resonance frequency and the forward power. [3.2.2-LM] Switch the network analyzer to VSWR or log mode and S-1-1 operation to monitor the resonance frequency. [3.2.3.-MED/CU] 

3.2.1. [combined with 3.1.3] Talent (hands?) connecting cable to transition element, showing as much of the assembled plasma torch, tuner and transition element as possible for the orientation of the viewer

3.2.2. LAB MEDIA: 52816_Figure_2a_300dpi.tif 
3.2.3. Talent at network analyzer choosing the appropriate settings
3.3. Observe the dip of the S-1-1 parameter which marks the resonance frequency of the microwave plasma torch assembly. [3.3.1-CU][3.3.2-LM] Prepare to adjust the dip position by moving the nozzle of the plasma torch assembly. [3.3.3-MED] Make iterative adjustments to the nozzle to set the resonance frequency. [3.3.4-CU] and [3.3.6.] Set the resonance frequency to the measured frequency of the magnetron at 25–60% of its maximum output power. [new 3.3.5-CU][3.3.6-MED]

3.3.1. Videographer, please try to capture the trace that appears on the network analyzer.  Ideally the dip would be noticeably far from its ultimatel position. This shot may not work. (Video editor: Please use this shot or 3.3.2 to show the feedback being used) Close-up of the screen of the network analyzer of the original position of the S11-dip. The dip caused by the plasma torch assembly is the dip in the center,  on the right hand side of the marker.
3.3.2. LAB MEDIA: 52816_Figure_2b_300dpi.tif (Video editor: If using this, please highlight the position of the dip on the right labeled 2.864 GHz)

3.3.3. Talent preparing to adjust the nozzle of the plasma torch

3.3.4. Detail of adjustments made to the nozzle

3.3.5. Videographer, please try to capture the trace that appears on the network analyzer. Ideally the dip would be seen very close to or in its final position. This shot may not work. (Video editor: Please use this shot or 3.3.6) A close-up of the network analyzer display with the S11-dip at its final position, at the marker.
3.3.6. Talent making final adjustments and monitoring the analyzer
3.4. Then, lock the position of the nozzle with the locking nut. [3.4.1-CU] Next, work to increase the forward microwave power by iteratively adjusting the stubs of the three stub tuner. [3.4.2-MED and 3.4.5] Use the depth of the S-1-1 parameter for feedback.  [3.4.3-CU] The aim is to maximize its depth. [new 3.4.4-MED]

3.4.1. Locking nut being set

3.4.2. Talent preparing to set forward power

3.4.3. Videographer, please try to capture the trace that appears on the network analyzer. Ideally the depth of the dip would be noticeably different from its final value. This shot may not work. (Video editor: Please use this shot or 3.4.4 to show the feedback being used)

3.4.4. LAB MEDIA: 52816_Figure_2b_300dpi.tif:  (Video editor: If using this, please highlight the depth of the dip on the right labeled 2.864 GHz) A close-up of the network analyzer display with the final S11-dip.
3.4.5. Talent working to maximize forward power 
4. Ignition of the Plasma and Stable and Continuous Plasma Operation
4.1. For safety, perform plasma ignition under local gas ventilation and wear UV glasses. [4.1.1-WIDE] For the experiment, the microwave plasma torch assembly and the three stub tuner are connected to the circulator and magnetron, as in this schematic. [4.1.2-LM]  Here is the apparatus for the experiment. The gas supply is being connected to the microwave plasma torch. The magnetron and insulator are located in the back. [4.1.3-CU/MED-TXT]
4.1.1. Talent with apparatus in appropriate setting for the experiment, putting on UV glasses

4.1.2. LAB MEDIA: 52816_Figure_3_300dpi.tif
4.1.3. The experimental apparatus ready for the experiment with the plasma torch in foreground and talent (hands) pointing out/checking gas supply connection.  TEXT: The insulator has a circulator and a water load
4.2. Turn on the gas supply to 5 to 20 standard liters air per minute.  [4.2.1-MED/WIDE] Turn on the microwave to 10% of maximum power [4.2.2.A] and ensure that there are no microwave leaks [4.2.2.B] [4.2.2.]. Hold a mirror to monitor plasma ignition in the quartz tube and  begin to slowly increase the power while monitoring the ignition of the plasma. [4.2.3-MED] Stop increasing the power when ignition has occurred. [4.2.3-MED] [4.2.4-CU]

4.2.1. Talent turning on gas supply

4.2.2. A: Talent turning on microwave and B: checking microwave transitions for leakages. positioning a mirror to observe the interior of the quartz tube. TEXT: See manuscript for detecting microwave leakage
4.2.3. Talent positioning a mirror to observe the interior of the quartz tube and starting to increase microwave power while monitoring the mirror for signs of plasma ignition

4.2.4. Detail of the plasma ignition.  Please consult talent on best way to capture.

4.3. When the plasma burns in the cylindrical mode, adjust the tuner so that all of the microwave power is absorbed by the plasma.  [4.3.1.A-C-MED/WIDE] Now adjust the extent of the plasma by varying the microwave power. [4.3.2-CU-TXT] Note–the plasma must not touch the quartz tube. [4.3.3-MED/WIDE-TXT] 

4.3.1. A: close-up of the reflected power. B: Talent working with the three stub tuner and monitoring the plasma reflected power. C: Close-up of the reflected power.
4.3.2. Detail of plasma as its extent is varied. TEXT: Power: 25–100% maximum power; Gas flow: 10–70 standard liters air per minute (Video editor: Please use this shot if it is viable.  Alternatively, use 4.3.3 along with the same onscreen text)

4.3.3. Talent working to vary the extent of the plasma (changing gas flow rate and microwave power) and observing plasma
5. Results: Ignition of an Atmospheric Pressure Microwave Torch
5.1. A camera at 1000 frames per second captured images of microwave plasma ignition through the diagnostic slit. Portions of the coaxial resonator, nozzle tip, and the cylindrical resonator before ignition are labeled for orientation.  The microwave power is 1 kilowatt and the gas flow is 15 standard liters air per minute.

5.1.1. LAB MEDIA:  52816_slow_motion_picture_original_source_240x768.mp4 (Video editor: The first 30 seconds of the video correspond to this.)
5.2. The plasma ignites in the coaxial resonator.  The plasma then winds up the metallic nozzle to its tip and begins to burn straight in the coaxial mode.  As time goes on, the intensity of the plasma grows until there is a shift in the resonant frequency due to the burning plasma in the coaxial resonator. 
5.2.1. LAB MEDIA: 52816_slow_motion_picture_original_source_240x768.mp4 (Video editor: slow motion picture of the ignition of the plasma happens between 30 s – 65 s)
5.3. At this point, the plasma starts to break away from the nozzle tip.  After complete break away, the plasma burns freely above the metallic nozzle in cylindrical mode. The stubs of the three stub tuner are readjusted to the complete power absorption by the plasma. 

5.3.1. LAB MEDIA: 52816_slow_motion_picture_original_source_240x768.mp4 (Video editor: corresponds to 65 s – 106 s (end)) 
5.4. The dimensions of the plasma depend on the supplied microwave power and the gas flow, as this comparison demonstrates. For the same microwave power, an increase in gas flow leads to a decrease in plasma. For the same gas flow, an increase in microwave power leads to an increase of plasma.

5.4.1. LAB MEDIA: 52816_Figure_6_300dpi.tif  (Video editor: If possible, please show only the three left images for the second sentence.  Regardless, focus attention on the three left images and highlight “microwave power: 1 kW” during the second sentence.  For the third sentence, show all six images, but highlight the two images labeled 10 slm.)
6. Conclusion (said by authors on camera)
6.1. Martina Leins: After watching this video, you should have a good understanding of how the ignition and operation of the presented microwave plasma torch works.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  
1.A – 52816_Figure_0_.pptx – overview graphic

2.3 – 52816_Figure_1a_300dpi.tif – setup for the measurement of the magnetron

2.4 – 52816_Figure_1b_300dpi.tif – diagram of the frequency dependence of the magnetron

3.2 – 52816_Figure_2a_300dpi.tif – setup for the adjustment of the resonance frequency by means of a network analyzer

3.3 – 52816_ Figure_2b_300dpi.tif – picture of the S11 parameter on the network analyzer display

4.1 – 52816_Figure_3_300dpi.tif – setup for the operation of the microwave plasma torch

Representative results:

5.1 to 5.3 – 52816_slow_motion_picture_original_source_240x768.mp4 – slow motion picture of the ignition of the plasma 

Note: I have also uploaded slow motion pictures with other common sizes where the resizing has been done with black mattes on the left and right side of the originally sized movie.

5.4 – 52816_Figure_6_300dpi.tif – photos of the plasma for different microwave powers and gas flows
General Preparation
It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions, as well as an introduction to your videographer, closer to your filming date.
 2013, Journal of Visualized Experiments


