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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? NO
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? NO
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. 4.4, 4.5, 5.2 and 5.3
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  4.5 
E.  Will the filming need to take place in multiple locations? YES If yes, how far apart are the locations? 100M (different labs that are door-to-door)
1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal (read by voice talent at JoVE):  
The overall goal of this procedure is to generate new optical frequencies using silica microspherical whispering gallery mode resonators for optical and photonics applications, ranging from compact laser sources to biochemical sensing. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Gualtiero Nunzi Conti: In whispering gallery mode resonators, light can be guided with a unique combination of strong temporal and spatial confinement. Low losses ensure a high quality factor.
1.2. Silvia Soria: Such resonators are ideally suited for nonlinear optical interactions. In particular, silica microspheres show a great potential as frequency generators for continuous wave, compact, narrow line width and tunable sources.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Simone Berneschi: The interest of using a fusion technique for fabrication of dielectric microspheres is based on the low scattering losses that can be achieved, and in consequence very high quality factors.  
1.4. Daniele Farnesi: We use home-made tapered fiber to couple to the microspheres. The high coupling efficiency with a high cavity build-up factor can trigger nonlinear Kerr effects with low continuous wave pump powers. 
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!)
1.5. Silvia Soria: Demonstrating the TAPER procedure will be Franco COSI, a technician, from our laboratory. 

1.5.1. Interview style: Author saying the above 

1.5.2. The named technician looks up from workbench or desk or microscope and acknowledges the camera.
E.  Ethics title card: (for human subjects or animal work, does not count toward word length total)
Protocol (read by voice talent at JoVE):  
2. Fabrication of an Ultrahigh Quality Factor Microsphere
2.1. To create a microsphere, first, get a length of fiber to work with. [2.1.0-MED]Gather the equipment needed to create a microsphere using single mode silica fiber. [2.1.1-WIDE/MED] This includes the fiber, an optical coating stripper, acetone and a fiber cleaver. [2.1.2-CU/MED] In addition, have ready a fusion splicer. [2.1.3-MED] Use the stripper to remove about 1–2 centimeters of the acrylic coating from the end of the fiber.  Follow this by cleaning the stripped portion with a clean wipe and acetone. [2.1.5-CU]

2.1.0  [previously 2.1.4] Talent unspooling a length of fiber to work with and preparing to strip it. Fiber cleaver should be at hand near point where stripping takes place.

2.1.1. Talent arriving at bench to check that necessary equipment is available

2.1.2. Roll of fiber, stripper, acetone (ideally acetone would be clearly labeled), and fiber cleaver on bench

2.1.3. Talent in some way calling attention to fusion splicer (potentially over the shoulder)

2.1.4. [now 2.1.0] Talent unspooling a length of fiber to work with and preparing to strip it. Fiber cleaver should be at hand near point where stripping takes place. 

2.1.5. End of fiber (as held by talent), then end being stripped. Pause with the stripped fiber (as held by talent), then the fiber being cleaned with a wipe. Ideally the background would make the fiber easily visible.

2.1.6. Labeled as 2.1.5.b. 2.1.5 action over the shoulder

2.2. Place the end of the fiber into the fiber cleaver and cleave to isolate the stripped portion. [2.2.1-MED] Collect the cleaved fiber from the cleaver. [2.2.2-CU] Move the fiber tip to the fusion splicer. [2.2.3-MED There, position the fiber and hold it in place according to the manufacturer's guidelines. [2.2.4-CU] Close the cover, check that the arc power and arc duration are correct, then start the arc. [2.2.5-MED-TXT] 

2.2.1. (possibly over the shoulder) Talent working to cleave the fiber 
2.2.1.b detail for fiber taken
2.2.2. [2.2.2 to 2.2.4 combined] Fiber tip as it is collected from the discard section cleaver
2.2.3. Talent moving fiber to splicer and starting to mount the fiber in place

2.2.4. Fiber being put into splicer.

2.2.5.  (possibly over the shoulder) Splicer as cover is closed, settings are checked, arc is started [TEXT: Furukawa S177A-1R-–arc power: 60; arc duration: 800 ms.] 
2.2.6. 2.2.5.M Monitor details
2.3. Monitor progress on the display.  As the arc melts the glass, the fiber shape will begin to form a sphere due to surface tension. [2.3.1-CU SCREEN] When the sphere begins to take shape, stop the arc and open the cover. [2.3.2-CU/MED] Access the fiber in the holder.  Rotate it by 90 degrees to preserve the spherical shape, then secure the fiber in place again. [2.3.3-CU] (Voice talent: Please pause after each of the described actions.) Close the cover and restart the arc. [2.3.4-CU/MED] Performing at least 3 such 90 degree rotations over 5-10 minutes will produce a microsphere of about 160 micrometers. [2.3.5-CU-TXT]

2.3.1. Screen of splicer, showing the tip of the fiber when it is somewhat spherical. SCREEN TAKE
2.3.2. Fusion splicer and control panel as talent stops the arc and opens the cover

2.3.3. Detail of fusion splicer as talent accesses the fiber. After a pause with hands/tweezers out of frame, talent rotates the fiber by 90º. After another pause with hands out of frame, talent secures fiber.

2.3.4. (possibly reuse 2.2.5) Talent closes splicer cover and restarts the arc (Video editor: Please transition to the next shot to suggest the passage of time.)

2.3.5. Splicer screen with completed microsphere [TEXT: The 90º rotations should be in the same direction.] 
2.3.5.B Final screen for microsphere
2.4. When removing the microsphere and its fiber stem, be prepared to store it, or use it within a day. [2.4.1-MED] This T-shaped holder is translation stage mountable for use with light coupling experiments.  It has a channel down its middle for the microsphere's fiber stem. [2.4.2-CU] Place the residual stem end of the microsphere in the channel so the microsphere is unobstructed above the holder.  Affix the stem with clear tape. [2.4.3-CU] [2.4.4-MED]
2.4.1. (possibly over the shoulder) Talent in the last stages of removing the microsphere, or in some way suggesting it has just been removed, and showing the T-shaped holder to be introduced in the next shot

2.4.2. Detail of the T-shaped holder consistent with previous shot. During the second clause, if necessary, rotate the holder to show the channel and position it for next shot.

2.4.3. T-shaped holder, then fiber stem being introduced into channel. If possible, tweezers/hand should leave frame. After a pause, tape should be applied or, if already in place, made fast.

2.4.4. Talent placing holder in appropriate place. Please consult authors.
3. Drawing a Tapered Fiber
3.1. Now, begin to create a tapered fiber to couple light into the microsphere. [3.1.1-WIDE/MED] This will require a device that can slowly pull the fiber ends apart. [3.1.2-MED/CU] Start with a length of single-mode silica fiber and identify its midpoint. [3.1.3-MED] Use the optical coating stripper to remove about 3–4 centimeters of the coating around this point. [3.1.4-CU] Once this is done, slip an alumina cylinder over the stripped portion of the fiber to serve as an oven. [3.1.5-CU-TXT] 

3.1.1. Talent at bench and near device used to pull fiber

3.1.2. Talent pointing out device for pulling fiber

3.1.3. Talent with a length of fiber in position to remove its optical coating, identifying/holding its approximate midpoint

3.1.4. [combined with 3.1.3] Detail of fiber as talent removes 3–4 centimeters of optical coating

3.1.5. Detail of stripped portion of fiber as cylinder is slipped over it [TEXT: Cylinder outside diameter: ~4 cm]

3.2. Next, use a bare fiber terminator to connect one end of the fiber to a laser capable of operating at 635 nanometers. [3.2.1-MED-TXT]  Connect the other end of the fiber to a power meter. [3.2.2-MED] [3.2.3-MED]
3.2.1. Talent connecting one end of fiber to laser [TEXT: Use bare fiber terminators on each fiber end.]

3.2.2. Talent connecting free end of fiber to a power meter

3.2.3. Talent beginning to place the fiber on the pulling device

3.3.  [3.3.1-CU] [3.3.2-MED] Once the fiber is in place, arrange for an oxygen butane flame to heat the alumina cylinder to a temperature close to the silica melting point of about 2100 degrees Celsius. [3.3.3-MED/CU-TXT] Start the fiber puller so that it slowly moves the two ends away from one another.[3.3.4-MED]

3.3.1. One side of fiber being connected to one translation stage of pulling device

3.3.2. Talent attaching other end of fiber to other end of pulling device

3.3.3. Talent putting flame source in place. 

3.3.4. Talent verifies laser spot

3.3.5. The flame should be present by from the beginning to the end of the shot. The position of the flame relative to the attached ends of the fiber should be clear. [TEXT: The cylinder should cover the stripped region of fiber.]

3.3.6. Talent starting fiber puller

3.4. With the 635 nanometer laser on, monitor the power transmitted through the fiber with the power meter; changing values reflect the ongoing tapering. [3.4.1-CU] At this point, stop pulling the fiber and stop the flame. [3.4.4-MED]  Occasionally remove the fiber from the power meter input to project the fiber output onto a beam card to check that a homogeneous circular spot is preserved during the tapering process. [3.4.2-CU] [3.4.3-MED/CU] 
3.4.1. Power meter display during tapering process with reading varying in time

3.4.4  [moved] Talent stopping the pulling device and the flame (Video editor: Please transition to the next shot to suggest the passage of time.)

3.4.2. Power meter as talent removes fiber and projects beam onto a beam card to show a homogeneous circular spot

3.4.3. [moved] Talent returning fiber to power meter input and monitoring values

3.4.4. Talent stopping the pulling device and the flame (Video editor: Please transition to the next shot to suggest the passage of time.) 
3.4.5. Extra details of laser spot together with the flame

3.5. Work with the fiber after it has been freed from all equipment, including the cylinder. [3.5.1-MED] Position a glass microscope slide cut to form a U near the fiber's taper. [3.5.2-CU-TXT] Next, put the fiber on the slide with the taper centered in the U. [3.5.3-CU] Keep the fiber taut and apply glue where the fiber and slide overlap to hold the fiber in place. [3.5.4-CU]

3.5.1. Talent putting fiber into position to begin placing it on holder

3.5.2. Modified glass slide, in shape of a U, near fiber taper. Slide is more important than fiber. [TEXT: Original dimensions 76 x 26 x 1.2 mm3.] 

3.5.3. Fiber being put into position on slide 

3.5.4. Fiber being glued into place. Please continue to record a few seconds after gluing is complete and only slide and fiber are in frame.
3.5.5. Large shot to insert talent pointing from one glue spot to the other.
3.5.6. Close up for glue and fiber details
4. Coupling Light into a Microsphere
4.1. At this point, prepare to couple light into the microsphere with the tapered fiber. [4.1.1-WIDE] To do this, use separate translation stages for the microsphere and the tapered fiber. [4.1.2-MED/CU]   On a stage with piezoelectric actuators, mount the T-shaped holder with the microsphere so that the microsphere points up. [4.1.3-CU]

4.1.1. Talent at bench, with two translation stages that are ready for use. All other necessary equipment nearby

4.1.2. Talent completing/inspecting the two stages. Shot is to make clear there are two stages. 

4.1.3. Translation stage with the T-shaped holder mounted in place. [TEXT: The stage should have 20 nm positioning resolution.]

4.2. On the other translation stage, mount the glass slide with the fiber oriented perpendicular to the microsphere fiber stem. [4.2.1-CU] Use a terminated fiber cable to connect one end of the tapered fiber to a tunable diode laser. [4.2.2-MED-TXT] Connect the other end to an indium gallium arsenide photodiode detector. [4.2.3-MED]

4.2.1. Detail of the translation stage with the fiber with the fiber/slide correctly (horizontally)

4.2.2. Talent connecting tapered fiber to diode laser [TEXT: Use terminated fiber cables on both ends of fiber.]

4.2.3. Talent connecting other end of fiber to photodiode detector

4.3. Now, situate both of the translation stages beneath a microscope tube that will be used for observation of the gap between the microsphere and taper. [4.3.1-MED-TXT] The two should be placed so the fiber taper and microsphere are within the travel distance of the translation stages. [4.3.2-CU] In addition, place a mirror at 45º with respect to the microscope tube to monitor the vertical position of the taper. [4.3.3-CU/MED]

4.3.1. Talent completing the placement of the two translation stages beneath the microscope tube [TEXT: Microscope tube working distance > 20 mm.]
4.3.2.  Detail of how closely the translation stages are placed to allow the microsphere and taper to be successfully manipulated in experiment. Please consult authors.

4.3.3. Microscope tube with translation stages in place as talent (hands) places a mirror at 45º to the microscope tube. Please consult the authors on this shot.

4.4. Position the microsphere using its translation stage and feedback from the microscope tube. [4.4.1-MED] The goal is to have the equator of the microsphere in contact with the taper. [4.4.2-CU/LM] Once this is done, turn on the continuous wave laser and monitor the transmission spectrum on an oscilloscope. [4.4.3-MED-TXT] 

4.4.1. Talent working with translation stages while viewing monitor with images from the microscope

4.4.2. CU/LAB MEDIA: Image from the monitor of microsphere and taper being moved. Be certain to capture the microsphere and taper coming into contact. Videographer: If possible, please record the signal from the microscope for this shot. Otherwise, do the best that you can by recording from the monitor. (Authors: Please consult with the videographer on whether your group should investigate providing an alternate shot by recording the video output.)
4.4.3. Talent turning laser and beginning to monitor oscilloscope [TEXT: Laser operating at 1550 nm.]

4.5. Tune the laser until Lorentzian shaped dips due to resonances appear in the spectrum.  Measure the resonance linewidths and calculate the quality factor. [4.5.1-CU/LM][4.5.2-LM] Continue the experiment by exploring coupling efficiency as a function of the gap between the taper and the sphere. [4.5.3-MED/WIDE]

4.5.1. CU/LAB MEDIA: Oscilloscope trace before any dips are seen, and as the laser is tuned and dips start to appear. End with the stable pattern that authors would use for calculations. Videographer: Please do the best that you can to record from the monitor. Also, I believe the oscilloscope has a DVI-I video output port yo may be able to use. (Authors: Please consult with the videographer whether your group should investigate providing an alternate shot by recording the video output.)
4.5.2. LAB MEDIA: fig5.eps (Authors: This image is meant to illustrate the Lorentzian dips mentioned in the narration. Please supply an alternate image if manuscript figure 5 is not appropriate, or you have another image you want to show. Note that this shot will only be used if the recording of the oscilloscope trace can't be used.) (Video editor: Please use this shot as an alternate to 4.5.1 if the recording of the oscilloscope can't be used)

4.5.3. Talent changing gap between sphere and taper, then monitoring the spectrum. This shot is to suggest ongoing activity.
4.5.4. Screen shot for result details
4.6. Daniele Farnesi: Proper coupling is crucial in order to find a good resonance to trigger non linear effects; a good resonance is narrow and has high contrast at low power.     (Authors: The statement has been edited. Please check it.)
4.6.1. Interview style: Author saying the above. 
5. Stimulated Raman Scattering
5.1. Prepare the setup to realize stimulated Raman scattering. [5.1.1-WIDE/MED] Light from a tunable diode laser operating at 1550 nanometers enters the tapered fiber. [5.1.2-LM] After the laser there is an erbium doped fiber amplifier to boost the laser power to achieve nonlinear effects. [5.1.3-LM] Next, there is an attenuator and then an inline fiber polarizer. [5.1.4-LM]

5.1.1. Talent at bench with apparatus arranged for stimulated Raman scattering experiment

5.1.2. LAB MEDIA: fig4.eps (Video editor: Please orient the figure to display it left to right, with the rectangle labeled 'TDL' at the left. In shots 5.1.2–5.2.4, return to this base image before proceeding with the next shot. Point to the rectangle labeled 'TDL' and associate the text 'tunable diode laser' with it.)

5.1.3. LAB MEDIA: continued (Video editor: Point to the triangle labeled 'EDFA' and associate the text 'erbium doped fiber amplifier–wavelength range 1530–1570 nm' with it.)

5.1.4. LAB MEDIA: continued (Video editor: Please highlight the symbols labeled 'Att' and 'Polarizer'.)

5.2. The light then goes through the taper, which is coupled to a microsphere. [5.2.1-LM] After passing the microsphere, there is a 3 decibel-milliwatt splitter. [5.2.2-LM] One output of the splitter goes to an optical spectrum analyzer. [5.2.3-LM] The other goes to a photodetector connected to an oscilloscope. [5.2.4-LM]

5.2.1. LAB MEDIA: continued (Video editor: Point to the picture of a microsphere. Label it 'taper coupled with microsphere'.)

5.2.2. LAB MEDIA: continued (Video editor: Please point to the unlabeled rectangle with three lines emanating from it and label it 'splitter'.)

5.2.3. LAB MEDIA: continued (Video editor: Point to the symbol labeled 'OSA' and use the label 'optical spectrum analyzer')

5.2.4. LAB MEDIA: continued (Video editor: Please highlight both of the boxes in the lower branch and label them 'photodetector and oscilloscope')

5.3. Tune the laser from high to low frequencies to achieve thermal self-locking. [5.3.1-MED] On the oscilloscope, observe a resonance with a thermal drift comparable to the wavelength scan speed.  The resonance will broaden when thermal self-locking is achieved. [5.3.2-CU/LM] Check the output power transmitted into the optical spectrum analyzer. [5.3.3-MED] Manipulate the attenuator to increase the power until the Raman laser line appears.  The Raman laser line is detuned from the pump wavelength at about 13.5 terahertz. [5.3.4-CU/LM]

5.3.1. Talent at bench, starting laser tuning

5.3.2. CU/LAB MEDIA: Oscilloscope trace of a resonance for a few seconds before it broadens, as it broadens, and a few seconds after broadening. Videographer: Please do the best that you can by recording from the monitor. The oscilloscope may have a DVI-I video output port. (Authors: Please consult with the videographer on whether your group should investigate providing an alternate shot by recording the video output.) PLEASE USE THE LAB MEDIA WE HAVE UPLOADED
5.3.3. Talent turning focus from oscilloscope to spectrum analyzer
5.3.4. CU/LAB MEDIA: Signal as displayed by the spectrum analyzer as it evolves from having no laser line to having a laser line.  Videographer: Please do the best that you can by recording from the monitor. Also, the spectrum analyzer may have a VGA output port you could use. (Authors: Please consult with the videographer on whether your group should investigate providing an alternate shot by recording the video output.) PLEASE USE THE LAB MEDIA WE HAVE UPLOADED
6. Results: Stimulated Stokes and Antistokes Raman Scattering in 50–100 µm Microspheres
6.1. This is a measurement from a 50 micrometer diameter microsphere pumped at about 1547 nanometers. On either side of the pump wavelength, there are two four wave mixing lines about 13 nanometers away. Two stimulated Raman scattering lines are at about 1610 and 1710 nanometers.

6.1.1. LAB MEDIA: fig6.eps (Video editor: Please highlight the narrow peak that appears at about 1547 on the horizontal axis. Keep for next shot.)

6.1.2. LAB MEDIA: continued (Video editor: Add highlighting for the two immediately adjacent narrow peaks to the one in 6.1.1, on to its left, one to its right. Remove all highlighting for next shot.)

6.1.3. LAB MEDIA: fig6.eps (Video editor: Please highlight the narrow peaks at about 1610 and 1710 on the horizontal axis.)

6.2. Measurements of a 98 nanometer sphere produced similar results. In this case, the pump peak is at 1551 nanometers. The stimulated Raman scattering line is centered at 1646 nanometers. The stimulated anti-Stokes Raman scattering line is centered at about 1452 nanometers. The symmetric lines near the stimulated anti-Stokes line are from degenerated four wave mixing. A Raman comb is centered at 1666 nanometers.

6.2.1. LAB MEDIA: fig7.eps (Video editor: Please point to the narrow peak at about 1550 on the horizontal axis. Remove highlighting for next shot.)

6.2.2. LAB MEDIA: continued (Video editor: Highlight the narrow peak at 1646 on the horizontal axis. Remove for next shot.)

6.2.3. LAB MEDIA: continued (Video editorL Please point to the small peak at about 1450 on the horizontal axis. Keep for next shot.)

6.2.4. LAB MEDIA: continued (Video editor: Point to the two peaks placed symmetrically near the line at 1450. Remove all highlighting for next shot.)

6.2.5. LAB MEDIA: continued (Video editor: Please point to/highlight the group of lines centered around 1666 on the horizontal scale.)

6.3. This spectrum from a microsphere of 40 µm diameter provides evidence of stimulated anti-Stokes enhancement when its frequency is resonant with a cavity mode and phase matched with the pump and stimulated Stokes signal. The pump frequency is 1540 nanometers.  The Stokes line is at 1630 nanometers.  And the anti-Stokes line is at 1460 nanometers.

6.3.1. LAB MEDIA: fig8.eps

6.3.2. LAB MEDIA: fig8.eps (Video editor: Please point to the peak at about 1540 on the horizontal axis. Remove highlighting for next shot.)

6.3.3. LAB MEDIA: fig8.eps (Video editor: Please point to the peak at about 1630 on the horizontal axis. Remove highlighting for next shot.)

6.3.4. LAB MEDIA: fig8.eps (Video editor: Please point to the peak at about 1460 on the horizontal axis. Remove highlighting for next shot.)

6.4. This spectrum for a 65 µm microsphere has a stimulated anti-Stokes to stimulated Stokes scattering ratio close to one. The pump frequency is centered at 1572 nanometers. The Stokes line at 1640 nanometers. The anti-Stokes line at 1490 nanometers. (Figure 9)

6.4.1. LAB MEDIA: fig9.eps

6.4.2. LAB MEDIA: fig9.eps (Video editor: Please point to narrow peak at about 1570 on the horizontal scale. Remove highlighting for next shot.)
6.4.3. LAB MEDIA: fig9.eps (Video editor: Please point to narrow peak at about 1640 on the horizontal scale. Remove highlighting for next shot.)

6.4.4. LAB MEDIA: fig9.eps (Video editor: Please point to narrow peak at about 1490 on the horizontal scale. Remove highlighting for next shot.)
7. Conclusion (said by authors on camera)
7.1. Gualtiero Nunzi Conti: After watching this video, you should have a good understanding of how to fabricate high quality factor silica microspheres, how to draw a taper, and how to efficiently couple light into the micro-resonator to study fundamental light-matter interactions.
7.2. Silvia Soria: Dielectric microspheres are photonic platforms that play an extremely important role in modern optics. They can be exploited for CW nonlinear frequency conversion due to their capability to confine light for long time periods in very small volumes.
7.3. Giancarlo Righini: The micro-resonator technology that has been demonstrated may also be effectively exploited for biosensing. Our group is achieving excellent results in this area.
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 are included in the email accompanying the finalized script.
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