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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) No
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) No

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. 2.2, 2.6, 2.8, 3.2, 3.4, 3.7 (Authors: Please check this.) You could probably replace 3.4 with 3.6, or simply include 3.6 as well.
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.__ Either Step 2.6 or 3.6 are the most important.  2.6 is used to find the far-infrared laser emission while 3.6 is used to find the beat.  Without either, no frequency will be measured.  

To ensure success in step 2.6, we do our best to systematically search the far-infrared laser cavity.  To ensure success in step 3.6, we attempt to maximize all signals on an efficient, well-prepared MIM diode._
________________________
E.  Will the filming need to take place in multiple locations? (Y/N) No
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 generate far-infrared laser radiation and to measure the frequencies of the generated laser emissions using a three laser heterodyne technique. (Intro)

This is accomplished by first sending CO2 laser radiation into a far-infrared laser cavity. (P1)
(Video editor: Please use Presentation1.pptx, slides 1–3 as an animation.)
The second step is to vary the operating parameters of both laser cavities to generate far-infrared laser radiation, and observe the detected radiation using an oscilloscope. (P2)
(Video editor: Please show shot 2.2.3, 2.3.1 or 2.6.4 for the first part of the sentence.  Add shot 2.7.1 for the last part of the sentence.) Of the three, I recommend 2.6.4.
Next, the far-infrared radiation is mixed with two reference CO2 laser frequencies. Then the resulting beat frequency is identified. (P3)
(Video editor: Please use Presentation1.pptx, slide 7 for the first sentence. Then overlay or transition to shot 3.6.3 for the second sentence.)  I updated this figure to Graphic6REVB or slide 7 in AdditionalGraphics.pptx
The final step is to measure multiple beat frequencies to calculate the far-infrared laser frequency. (P4)
(Video editor: Please use shot 3.10.1)
Ultimately, during this investigation the three laser heterodyne technique is used to measure eight far-infrared laser frequencies generated by difluoromethane for the first time. (P5)
(Video editor: Please use Presentation1.pptx, slide 10)
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).   
B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Michael Jackson: Though the results from this method can provide insight into the spectroscopy of the lasing molecule, it can also be applied to other systems requiring accurate frequencies, such as high-resolution spectroscopy, radio astronomy, and terahertz imaging.
Protocol (read by voice talent at JoVE):
2. Generation and Characterization of Far-Infrared Laser Radiation
2.1. Prepare to work with potentially harmful laser radiation by wearing appropriate eye protection. [2.1.1-WIDE] This part of the protocol will use a CO2 laser and a polished copper far-infrared laser cavity. [2.1.2-MED] This schematic provides an overview of how the two are arranged. [2.1.3-LM] The CO2 laser will pump the far-infrared laser cavity, which will be filled with difluoromethane for this experiment. [2.1.4-LM]  The far-infrared laser output will be detected with a metal-insulator-metal point contact diode detector. [2.1.5-LM]

2.1.1. Talent at or approaching optical bench, putting on protective goggles

2.1.2. Talent at bench, calling attention to the two pieces of equipment

2.1.3. LAB MEDIA: Presentation1.pptx, slide 1 (also Graphic1.tif) (Video editor: Please highlight the 'CO2 Pump Laser' and the 'Far-infrared Laser Cavity' when voiced)

2.1.4. LAB MEDIA: Presentation1.pptx, slides 2–3 (also Graphic2.tif–Graphic3.tif) (Video editor: If possible, please animate the progress of a beam starting at the output of the 'CO2 Pump Laser' as shown in the slides.)

2.1.5. LAB MEDIA: Presentation1.pptx, slide 5 (also Graphic4.tif) (Video editor: Please add (animating, if possible) the line from the 'Far-infrared Laser Cavity'. Also, highlight the 'MIM Diode' when voiced.)

2.2. Begin by working with the CO2 laser set to a desired laser transition, here 9R28. [2.2.1-MED] Place a beam stop at the output of the laser. [2.2.2-MED] Now, rotate the laser's micrometer dial in order to maximize the beam intensity on the beam stop. [2.2.3-CU/MED] In addition, adjust the tilt of the laser's grating to achieve the maximum intensity. [2.2.4-CU/MED]

2.2.1. Talent at bench, preparing to work with CO2 laser

2.2.2. Talent placing beam stop

2.2.3. Ideally capture talent (hands?) move the micrometer and the variation in intensity on the beam block. Intensity should start low and end high

2.2.4. Talent (hands) moving to adjust grating and changes in the intensity due to adjustments

2.3. Continue adjusting the micrometer dial and the grating until the output power for the CO2 laser appears optimized. [2.3.1-MED] When done, remove the beam stop from the path. [2.3.2-CU/MED] Then, turn on and align an optical chopper in the beam path of the pump laser. [2.3.3-CU]

2.3.1. Talent going back and forth between micrometer and grating adjustment in order to achieve maximum intensity

2.3.2. Talent moving beam stop from laser output

2.3.3. Talent (hands) placing optical chopper in beam path
2.4. Next, start to prepare the far-infrared laser cavity. [2.4.1-MED/WIDE] Open the valve of the difluoromethane cylinder to introduce it as the medium in the cavity. [2.4.2-MED] Adjust the metering valve on the inlet line so that a pressure of approximately 10 Pascal or 75 milliTorr is achieved. [2.4.3-CU]

2.4.1. Talent moving into position for the next steps

2.4.2. Talent opening valve 

2.4.3. Ideally the pressure reading as it settles at 10 Pascal, and the adjustments made by talent. 

2.5. Move on to adjust the output coupling mirror of the cavity. [2.5.1-MED] Use an external rod attached to the mirror to set the mirror position about 1 cm from the middle of the cavity, as read from the calibrated scale. [2.5.2-CU]

2.5.1. Talent turning attention to rod responsible for positioning output coupling mirror

2.5.2. Detail of rod and calibrated scale as talent (hands) completes adjustment. Please also record 5 seconds of just the rod and scale without the talent.
2.6. Next, ensure the output of the detector is connected to an oscilloscope. [2.6.1-MED/WIDE] Then prepare to search for far-infrared laser radiation. [2.6.2-MED] On the far-infrared cavity, make use of the calibrated micrometer (pronounce as one word, not micro-meter) dial to adjust the moveable laser mirror inside. [2.6.3-CU] Simultaneously, control the applied voltage to the CO2 laser piezoelectric transducer to tune the laser frequency. [2.6.4-MED] 
2.6.1. Talent checking oscilloscope for connection and/or signal

2.6.2. Talent moving into position to adjust micrometer and voltage

2.6.3. Talent (hands) adjusting the micrometer in manner appropriate for experiment

2.6.4. Talent simultaneously adjusting micrometer and voltage source while watching oscilloscope
2.7. When a laser emission is found, the oscilloscope waveform will go from flat, representing no emission, to a square wave waveform, representing the presence of a far-infrared laser emission. [2.7.1-CU-TXT]  The signal power should be optimized before proceeding. [2.7.2-MED-TXT] Then, record the position of the particular cavity mode on the micrometer dial. [2.7.3-CU]

2.7.1. Oscilloscope trace, starting with no emission detected, continuing as emission is detected and signal becomes strong. Note, it may be best to have the talent first find the emission, optimize the power, and then detune the system before recording this shot.  [TEXT: The square wave reflects the action of the beam chopper.]
2.7.2. Talent working at bench. [TEXT: Optimize power using pump frequency, medium pressure, and output coupler position. See manuscript.]

2.7.3. Micrometer dial showing the reading  should read approximately 21154 m
2.8. Turn the micrometer dial clockwise to find the next mode. [2.8.1-CU-TXT] Observe the oscilloscope trace become flat, then show another square wave. [2.8.2-CU] Continue rotating the dial clockwise until a total of 21 modes have been found. [2.8.3-MED] Record the final position of the dial and use it to find the wavelength of the emission. [2.8.4-CU] (TEXT: wavelength = ((first recorded value) – (second recorded value))/10)

2.8.1. Talent (hands) slowly turning the micrometer dial clockwise [TEXT: Clockwise rotation decreases the laser cavity length.]

2.8.2. Oscilloscope as trace evolves from showing first square wave to then next one. 

2.8.3. Talent continuing to rotate micrometer dial and monitor the oscilloscope

2.8.4. Micrometer reading of the last emission should read approximately 16036 m
3. Determining Far-Infrared Laser Frequencies
3.1. To determine the far-infrared laser frequencies, make use of two CO2 reference lasers. [3.1.1-WIDE/MED] This schematic depicts the complete setup with the two reference lasers, the pump laser, and the far-infrared cavity. [3.1.2-LM] The configuration is for a three laser heterodyne technique and the two reference lasers are set so their frequency difference is within several gigahertz of the far-infrared frequency calculated from the measured wavelength. [3.1.3-LM] Begin with a beam stop in the co-linear path of the reference lasers. [3.1.4-LM]

3.1.1. Workbench showing reference lasers and, ideally, their relationship with respect to pump laser and cavity.

3.1.2. LAB MEDIA: Presentation1.pptx (also Graphic6.tif) (Video editor: Please highlight the components as they are voiced either Slide 1 or Slide 7 in AdditionalGraphics.pptx/ Graphic6REV and Graphic6REVB
3.1.3. LAB MEDIA: Presentation1.pptx (also Graphic6.tif)

3.1.4. LAB MEDIA: Presentation1.pptx (also Graphic6.tif) (Video editor: Please point to the mid-point of the dot-dash line to the right of the labels 'MIM Diode' and 'Monitor Power Meter' and label it 'Initial Beam Stop Position' (or similar).) Slide 2 (Graphic6A) in AdditionalGraphics.pptx
3.2. Work with the output of one reference laser and measure it with a power meter. [3.2.1-MED-TXT] Slowly move the micrometer of the laser while observing the power reading and set it to the position corresponding to maximum power. [3.2.2-CU/MED] Once set, use an allen wrench to make fine adjustments by changing the tilt of the grating. [3.2.3-CU/MED] Iterate between the two to optimize the output power. [3.2.4-MED]

3.2.1. Talent at one reference laser, placing power meter in position to read it for next steps [TEXT: The other reference beam is blocked.] The first reference laser was set on 9P28 and the second reference laser was set on 9P06.
3.2.2. Talent (hands) adjusting micrometer, power meter reading in frame, ending with power meter reading at/near maximum value

3.2.3. Talent (hands) going from micrometer to adjusting grating, power meter reading in frame, ending with power meter reading at/near maximum value

3.2.4. Talent working at bench to optimize power; probably best to not show power reading

3.3. After optimizing the power output of each reference laser, adjust each of the laser irises. [3.3.1-MED] Each laser should deliver approximately 100 milliwatts of power to the power meter in the beam path. [3.3.2-CU] Continue by blocking the beam from the pump laser. [3.3.3-LM] [3.3.4-CU/MED] Then replace the beam stop in the shared path of the reference lasers with an optical chopper.  [3.3.5-LM] [3.3.6-CU/MED]

3.3.1. Talent adjusting one laser iris

3.3.2. Power meter reading approximate 100 milliwatts

3.3.3. LAB MEDIA: Presentation1.pptx (also Graphic6.tif) (Video editor: Please point to/highlight a point in the vertical line that exits the 'Pump Laser'. The highlighted point should be labeled 'Beam Stop Location' (or similar). Show this simultaneously with 3.3.4) Slide 3 (Graphic6B) in AdditionalGraphics.pptx
3.3.4. Talent placing beam stop at pump laser output. (Video editor: This can be placed to partially cover, or along side of 3.3.3)

3.3.5. LAB MEDIA: Continue with 3.3.3, but remove the highlighting/label. Point to/highlight the mid-point of the dot-dash line to the right of the labels 'MIM Diode' and 'Monitor Power Meter' (as in 3.1.4). The highlighted point should be labeled 'Optical Chopper'. Show this simultaneously with 3.3.6) Slide 4 (Graphic6C) in AdditionalGraphics.pptx
3.3.6. Talent removing beam stop and positioning optical chopper (Video editor: This can be placed to partially cover, or along side of 3.3.5)

3.4. Now, monitor the oscilloscope signal and work to maximize the radiation focused on the detector from the reference lasers. [3.4.1-MED] Block the second reference laser and use a plano-convex lens to focus the beam from the first reference laser onto the detector. [3.4.2-LM] [3.4.3-CU] Then block the first reference beam and unblock the second reference beam. [3.4.4-LM and supplemental video?]  Adjust the beam splitter to maximize the signal from the second reference laser onto the detector. [3.4.4-LM] [3.4.5-CU] For each case, watch the oscilloscope and stop when the peak-to-peak signal is optimized. [3.4.6-CU]

We added a wide supplemental shot here to provide an overview of this entire procedure.  I believe we also captured some additional shots of me blocking/unblocking each reference laser.  These supplemental videos may be applicable for parts 3.4.1, 3.4.2, and 3.4.4.
3.4.1. Talent getting into position to adjust lens and monitor the oscilloscope

3.4.2. LAB MEDIA: Presentation1.pptx (also Graphic6.tif) (Video editor: Please point to/highlight the 'MIM Diode'.  Show this with 3.4.3) Slide 5 (Graphic6D) in AdditionalGraphics.pptx
3.4.3. Talent (hands) as lens is adjusted. Please have the detector in the frame. (Video editor: This can be placed to partially cover, or along side 3.4.2)

3.4.4. LAB MEDIA: Presentation1.pptx (also Graphic6.tif) (Video editor: Please point to/highlight the short diagonal line just below item labeled 'Monitor Power Meter'. Show this with 3.4.5) Slide 6 (Graphic6E) in AdditionalGraphics.pptx
3.4.5. Talent (hands) as the beam splitter is adjusted (Video editor: This can be placed to partially cover, or along side 3.4.4.)

3.4.6. Oscilloscope screen as the peak-to-peak value goes from non-optimal, through optimal, and back to optimal. 

3.5. Return the beam stop to the co-linear reference laser path. [3.5.1-MED/CU] Remove the beam stop from the pump laser. [3.5.2-MED/CU-TXT] Now, monitor the power output of the far-infrared emission on the oscilloscope. [3.5.3-MED/WIDE] In this case, the power has already been optimized. [3.5.4-CU-TXT] Once the power has been optimized, disconnect the metal-insulator-metal diode detector from the oscilloscope. [3.5.5-MED] Connect the detector via an amplifier to a spectrum analyzer. [3.5.6-MED]

3.5.1. Talent placing the beam stop in the reference laser path.

3.5.2. Talent removing the beam stop in the pump laser path [TEXT: An optical chopper remains in this path.]

3.5.3. Talent at oscilloscope to view signal

3.5.4. Oscilloscope screen showing signal for far-infrared power [TEXT: If necessary, optimize power using pump frequency, medium pressure, and output coupler position. See manuscript.]

3.5.5. Talent turning from oscilloscope, disconnecting detector.

3.5.6. [combined with 3.5.5] Talent connecting detector to amplifier/spectrum analyzer. 

3.6. At this point, remove all beam stops and optical choppers from the pump and reference beam paths. [3.6.1-WIDE] Next, begin to search for the beat signal using the spectrum analyzer. [3.6.2-MED/WIDE] Set the analyzer to a 40 megahertz span and search for the beat signal in 1.5 gigahertz increments; stop when a beat signal is found. [3.6.3-CU] 

3.6.1. Talent beginning to remove the choppers and beam stops

3.6.2. Talent at/moving to spectrum analyzer; should end with talent working at spectrum analyzer

3.6.3. Spectrum analyzer screen during search for beat signal, ending with 5-10 seconds of the beat signal after it has been located

3.7. When the signal is found, begin to stabilize the reference frequencies. [3.7.1-MED] Focus on one reference laser and apply between 0 and 900 volts to its piezoelectric transducer in order to have the signal from its fluorescence reference cell at the center of the Lamb dip. [3.7.2-MED/CU] Activate a lock-in amplifier to maintain the signal at the center of the Lamb dip and repeat the same steps for the second reference laser. [3.7.3-MED]

3.7.1. (Possibly over the shoulder shot) Talent getting into position in front of oscilloscopes for reference lasers

3.7.2. Talent (hands) starting to adjust the voltage on one laser with the oscilloscope signal visible to viewer; end after the signal has been in the desired position for a few seconds

3.7.3. Talent (hands) locking in signal from first laser and starting to work with the next laser signal

3.8. To measure the beat frequency, center the beat signal on the spectrum analyzer and adjust its amplitude to maximize its size on the display. [3.8.1-CU] Set the spectrum analyzer to simultaneously show the instantaneous signal, in blue, and the maximum signal, in yellow. [3.8.2-CU-TXT] 
3.8.1. Screen of spectrum analyzer as beat signal is centered and its size is adjusted

3.8.2. Screen of spectrum analyzer as the mode is changed to allow both instantaneous and maximum signal [TEXT: Use the 'Max Hold' feature for the maximum signal.
3.9. For a given cavity mode, rotate the micrometer dial on the far-infrared laser cavity back and forth. [3.9.1-MED] Observe the gain curve produced on the spectrum analyzer; once it is symmetric, use the 'View' feature to freeze the trace of the maximum signal. [3.9.2-CU] To determine the sign for the beat frequency, take note of the beat frequency shift as the micrometer dial is slightly rotated clockwise. [3.9.3-CU-TXT]

3.9.1. Talent manipulating the micrometer of the laser cavity to sweep out gain curve

3.9.2. [3.9.2 to 3.10.1 combined] Screen of analyzer as the gain curve is completed (please consult authors), then the maximum signal is frozen

3.9.3. Screen of spectrum analyzer as peak is at its initial position and then shifts in response to movement of the micrometer [TEXT: The sign is positive negative for this case; see manuscript.] 

3.10. To measure the center frequency beat signal, place markers at the full width at half maximum points of the symmetric pattern produced by the trace of the maximum, then use the 'Span Pair' feature of the spectrum analyzer.  [3.10.1-CU-TXT]
3.10.1. Spectrum analyzer screen as markers are placed for measurement of width and the measurement is made [TEXT: Determine the far-infrared frequency using FIR = |CO2(I) – CO2(II)| ± |beat|.]  First  Center: 808.45 MHz  Span: 5.50 MHz, Second Center: 808.48 MHz Span: 5.75 MHz
4. Results: New Far-Infrared Emission Frequencies in Difluoromethane
4.1. Here are average far-infrared laser frequencies measured for the first time with this protocol and using difluoromethane in the far-infrared cavity.  Averages are of at least 12 measurements performed with at least two different sets of CO2 reference laser lines.  The highlighted rows correspond to newly discovered laser emissions.

4.1.1. LAB MEDIA: JoVETableSummaryVideoOption2.docx (Video editor: Please point to/highlight the rows of the table that have entries in bold and highlighted. If possible, remake the table to remove the bold/yellow and make the rows with highlighted entries stand out in some other way.)

4.2. Evaluation of the uncertainties inherent in the system and a comparison with previously reported frequencies suggests a one-sigma fractional uncertainty of 5 parts in 10 million. The new laser emissions were observed to have power in the range of one-thousandth to one-hundredth of a milliwatt.

4.2.1. LAB MEDIA: (continued from above) 
5. Conclusion (said by authors on camera)
5.1. Michael Jackson: Once mastered, this technique can be used to accurately determine the frequency for a strong laser emission in about an hour or two. Don't forget that working with infrared and far-infrared lasers can be extremely hazardous and that precautions such as proper eye protection, ventilation, and repeated inspection of the equipment with an emphasis on any electrical and water hazards should always be taken while performing this procedure.  
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.  

Insert your media filenames here.

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.
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