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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) ___N___ If yes, please list make and model of your microscope: ______________________________

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__4.2,4.3,5.1,5.2______________

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  To construct an alumina hyperuniform disordered network structure is very tedious, since the thin alumina sheets of such a disordered structure have a large range of width. We use the 3D-printed base and color-coded map to ensure that the correct width of sheets are used. 

For the results to be meaningful, correct calibration of the microwave network vector analyzer also needs to be done.  
1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):
Conceptual Narrative:
The overall goal of the following experiment is to use microwave scale samples of dielectric solids to study the photonic properties of disordered photonic bandgap materials (Intro)
This is achieved by constructing test-samples made with dielectric components inserted into a 3-D printed base template with holes and slots arranged to form particular ordered or disordered patterns.  (P1)
(Video editor: Please use 2.3.2 or 2.3.4) 
As a second step, place the sample on a rotating stage between a pair of microwave horn antennas  and take transmission measurements over a wide range of frequencies for different incident angles, which will allow determination of the bandgap properties of the structure. (P2)  

(Video editor: Please use 4.3.1, then 4.4.3)
Next, modify the structure to form a functional defect and perform transmission measurements in order to study waveguiding and resonating properties of the modified structures. (P3)
(Video editor: Please use 5.1.3, then show 5.2.1)
Results are obtained that show the frequency range and angular dependence of the structures’ bandgap, as well as the performance of their functional defects based on analyzing the measured transmission spectrum. (P4)
(Video editor: Please use Figure7b.jpg and Figure8b.jpg)
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).   
(Video editor: The authors do not have a graphic)
B.  Interview: (Said by you on camera. Don’t forget to smile!)  
1.1. Seyed Reza Hashemizad: The main advantage of this technique over numerical simulations and submicron scale experimental methods is that this technique avoids use of the  enormous amount of computing resources and expensive submicron fabrication, so that one can quickly and inexpensively construct disordered photonic bandgap materials, modify them with arbitrary defect design, and characterize their photonic properties directly.  

1.2. Weining Man: The implications of this technique extend toward any photonic system, including the visible light regime and the infrared regime, because Maxwell’s equations are scaling invariant, the exact same designs and results can be applied to visible light when the samples are shrunk 10 thousand times in size.  
Protocol (read by voice talent at JoVE): 
2. Sample Construction and Preparation
2.1. This video begins after a two-dimensional, hyperuniform disordered dielectric structure has been designed and its base fabricated.  (TEXT: See manuscript for details of design and fabrication)  The base is made of a clear resin and has holes and slots on which the disordered structure will be assembled.  A second, square lattice base, has also been made for comparison. Each base is 2 cm tall. 

2.1.1. WIDE: Talent at bench holding disordered base to inspect it (and make it visible to the viewer)

2.1.2. CU: Base for disordered structure in hands of talent, showing holes and slots and the construction from clear resin

2.1.3. CU: Square lattice base being placed in front/along side of first base to allow appreciation of differences
2.2. With these elements ready, turn attention to the building blocks that will be used to construct the structures.  Obtain alumina rods and thin walls that are at least a few wavelengths in height, here 10 cm.  The diameter of all the rods is 5 mm and the wall thickness is always 0.38 mm with varying widths.  (TEXT: Wall widths: 1.0 mm–5.3 mm in 0.2 mm increments)

2.2.1. MED: Talent putting bases down, then picking up sample rods and walls to display in hand

2.2.2. CU: Sample rods and walls in hand showing length 

2.2.3. CU: Sample rods and walls as they are rotated to be shown from end

2.3. Next, construct a defect-free test structure with a nearly circular boundary for bandgap measurements.  Do this by inserting the rods and walls into the base for the desired structure architecture.  This is the hyperuniform disordered structure after construction.  Produce the square lattice structure in the same manner.  Here is the final result for the square lattice.

2.3.1. MED: Talent putting aside (or using) the rods and walls and starting to construct the test structure

2.3.2. CU: Base as talent inserts rods and walls 

2.3.3. MED: Talent inserting rods and walls  (Video editor: This is an optional shot in case 2.3.2 is not clear)

2.3.4. CU: Disordered structure after construction

2.3.5. MED: Talent placing square lattice structure next to first structure

2.3.6. CU: Square lattice structure after construction
3. Major Instruments and Setup
3.1. Set up the experiment on a bench top.  Use a synthesized sweeper microwave generator to provide radiation in the 45 MHz to 50 GHz range with 1 Hz resolution.  Connect this to an S-parameter test-set to measure transmission parameters. (TEXT: Use General Purpose Interface Bus (GPIB) links and cables for connections) 

3.1.1. WIDE: Talent arriving at equipment for the experiment with structures, placing them nearby

3.1.2. MED: Talent working with/pointing out the microwave generator

3.1.3. MED: Talent going from pointing to microwave generator to pointing to test-set

3.2. To measure and process the signal from the S-parameter test-set, connect a microwave vector network analyzer.  Then, use high quality semi-flexible coaxial cables to connect the S-parameter test-set ports with the input and output waveguides.  To ensure linear polarization of the E-field, use rectangular single mode waveguides and adaptors connected to pyramidal horn antennas.  (TEXT: The output electric field is parallel to the short edge of the horn) 

3.2.1. MED: Talent going from pointing to test-set to pointing out analyzer

3.2.2. MED: Talent going from pointing to analyzer to pointing out connection between test-set and waveguides

3.2.3. CU: Horn antenna, showing opening, and enough context to relate it to previous shot 

3.3. The antennas are on either side of a rotating stage where the structure will be placed.  Next, set the instrument parameters for the experiment. At the control panel for the vector network analyzer, select the frequency range for measurement, here 7 GHz to 15 GHz. (TEXT: 7–15 GHz range chosen for average inner-rod spacing of 1.33 cm) Then select an averaging factor to control noise. (TEXT: Choose in the range 512 to 4096)  Finally, for this 7–15 GHz measurement, choose the required number of data points to achieve a frequency resolution of 10 MHz.  Arrange for a computer to automate measurements and data logging.

3.3.1. MED: Talent placing/checking stage between the two horns

3.3.2. MED: Talent starting to set frequency on analyzer

3.3.3. CU: Control panel and monitor as talent sets frequency.  If possible, please keep same vantage for the next two shots 

3.3.4. [combined with 3.3.3] CU: Control panel and monitor as talent sets averaging factor

3.3.5. CU: Control panel and monitor as talent sets number of data points

3.3.6. TEXT on SCREEN (three lines, added as voiced): [1] Frequency range (inner rod spacing 1.33 cm): 7–15 GHz [2] Averaging factor: between 512 and 4096 [3] For 7–15 GHz range, choose the maximum number of data points to achieve a 10 MHz resolution (Video editor: Please use this if shots 3.3.3–3.3.5 are not viable)

3.3.7. MED or WIDE: Talent at computer 
4. Bandgap Measurements
4.1. Begin bandgap measurements by calibrating the system.  First, align the horns vertically and horizontally so they face one another at a distance of about 40 cm, roughly 15 times the average wavelength for the sweep. (TEXT: The measurement relies on the plane-wave approximation) With the set up as it will be for the measurements, but without a sample between the horns, start a microwave sweep to measure the transmission through free space.  

4.1.1. WIDE: Talent at bench, starting to align the horns

4.1.2. MED: Talent (or hands of talent) as the horns are aligned and placed the appropriate distance apart, or checking alignment and distance

4.1.3. MED or WIDE: Talent at bench, checking that set up is correct, then starting the measurement 

4.2. Once the sweep is done, in 1 to 2 minutes, save the results as a calibration set in the vector network analyzer. Here is a typical plot of transmission through free space as a function of frequency.
4.2.1. MED: Talent stopping measurement, then saving calibration set
4.2.2. CU: Analyzer control panel and monitor with plot of transmission data, then talent saving data for later use

4.2.3. LAB MEDIA: “Calibration.???”  A plot of the calibration data (Authors: Please provide this; use file name “Calibration” with appropriate extension) (Video editor: Please use the additional line in the narration and the shots highlighted in yellow if 4.2.2 is not viable)
4.3. First, be sure to zero the angle scale of the stage. Now center a defect-free structure with a nearly circular boundary on the rotating stage between the two horns. In this case the hyperuniform disordered structure is used. (TEXT: Measurements with the square lattice will be used for comparison)
4.3.3    [moved order] CU: Stage angle being zeroed
4.3.1. MED: Talent placing the disordered lattice on the rotating stage
4.3.2. CU: Disordered structure on the rotating stage, so viewer can identify it
4.4. To prepare the vector network analyzer for the measurement, turn on the saved calibration set to allow the measurement of relative transmission through the sample. Start the microwave sweep to collect data.

4.4.1. MED: Talent turning attention from stage to analyzer

4.4.2. CU: Screen and controls of analyzer as it is prepared for measurement (Video editor: Please use for second half of first sentence if it is useful)

4.4.3. MED: Talent starting measurement

4.5. When a sweep has been completed, and the data saved, arrange for the radiation to be incident on the structure from another direction. To do this, rotate the stage 2º counter-clockwise in preparation for the next measurement.  With the saved calibration data on, perform another measurement of the relative transmission.

4.5.1. MED or WIDE: Talent going from checking that measurement is complete to beginning to work with stage

4.5.2. CU: Stage as it is rotated by talent 

4.5.3. REUSE: 4.4.3

4.6. Once all measurements between 0 and 180º have been completed, remove the structure from between the antennas.  Rotate each horn 90 degrees to achieve a different field polarization. The polarization is being changed from transverse magnetic to transverse electric. Perform the calibration and the measurements with the structure again.

4.6.1. WIDE: Talent removing the structure from between the horns and putting it aside

4.6.2. MED: Talent rotating one horn by 90 degrees, then starting to rotate the other

4.6.3. CU: Second horn as it is being rotated

4.6.4. MED: Talent starting to repeat calibration steps and measurements
4.6.4.1. [split shot] Talent places structure for measurement
5. Waveguide Measurements
5.1. After the bandgap measurements, prepare the structure for waveguide measurements. Make use of the modular design to quickly create a waveguide by removing elements.  In this case, transform a defect-free hyperuniform structure into one with a channel through it. 

5.1.1. WIDE: Talent at bench (not necessarily with experimental setup), preparing to work on structure to create waveguide

5.1.2. MED: Talent removing elements

5.1.3. CU: Structure as talent removes some of the last elements to create a straight channel

5.1.4. WIDE: Talent approaching experimental setup and placing structure on rotating stage

5.2. Change to smaller horn antennas for waveguide measurement. Then, move the antennas as close to the channel openings as possible.  This arrangement of antennas with respect to the channel ensures good coupling. (TEXT: See manuscript for coupling to curved and bent channels) Turn off calibration in the vector network analyzer and start the microwave sweep. 

5.2.0    [added] Talent changing the horn antennas from large to small
5.2.1. MED: Talent moving an antenna to be close to channel opening

5.2.2. CU: Structure with horns placed close to openings, ready for experiment

5.2.3. MED: Talent at experiment, turning off calibration on analyzer and starting sweep

5.3. The vector network analyzer will show and record the raw transmission ratio of the detected power over the source power.  When the measurement is completed, rotate both horns by 90º in order to allow characterization of the polarization dependence of the structure.  Measure the transmission ratio in this new configuration.

5.3.1. CU: Screen of analyzer as data is collected or at completion of sweep

5.3.2. MED: Talent rotating horns.

5.3.3. WIDE: Talent beginning measurement of new configuration

6. Results: Confirmation of an isotropic complete photonic band gap in hyperuniform disorder dielectric structures
6.1. This is the TE polarization transmission of a hyperuniform structure at one angle.  The vertical axis is in decibels. The horizontal axis is the frequency in gigahertz.  A drop of more than two orders of magnitude between 8.5 GHz and 9.5 GHz indicates a stop band region. The drop-off at about 13 GHz is due to antenna performance.

6.1.1. LAB MEDIA: “Figure5.pdf” (Video editors: Please highlight the vertical axis during “The vertical axis is in decibels” and highlight the horizontal axis during “The horizontal axis is the frequency in gigahertz.”  During the last sentence, please call attention to the drop in the curve between about 8.5 and 9.5 on the horizontal axis.)

6.2. These are polar plots of the transmission through a square lattice and a hyperuniform defect structure. Along the radial direction is the frequency in units of the speed of light over the lattice spacing.  The angle corresponds to the angle of incidence.  Regions of low transmission are in blue.  

6.2.1. LAB MEDIA: Figure7a.jpg, Figure7b.jpg  (Video editor: Please show these the same size, next to each other, Figure7a to the left.  During the first sentence, highlight Figure7a [left figure] during “square lattice” and Figure7b [right figure] during “hyperuniform defect structure.”)

6.3. For the square lattice, stop bands due to Bragg scattering appear along the square shaped Brillouin boundaries.  In contrast, the hyperuniform defect structure stop gap forms an isotropic photonic bandgap.

6.3.1. LAB MEDIA: 6.2.1 continued (Video editor: During the first sentence, please point out the inner blue regions in Figure7a [left], if possible suggesting they form the sides of a square.  During the second sentence, point out the blue region of Figure7b [right], highlighting that it forms a circle.)

6.4. Here is a hyperuniform disordered sample with a straight channel waveguide.  The width of the channel is twice the average inner-rod spacing.  This is the measured ratio of detected power to source power for TM waves through the channel in units of the speed of light over the average inner-rod spacing.  The pink region is the TM bandgap of the sample without the channel.  With the introduction of the channel, a broad band is guided through the sample. 

6.4.1. LAB MEDIA: Figure8a.jpg, Figure8b.jpg (Video editor: Please start with Figure8a and keep it for the first two sentences.  Then shrink it and place Figure8b on the right part of the screen.  The two can be the same size, or Figure8b can be a little larger.  Please call attention to the pink shaded region during “The pink region...channel.” Then highlight/point to the black curve in the shaded region during the last sentence.)
7. Conclusion (said by authors on camera)
7.1. Sam Tsitrin: Once mastered, the design, construction and transmission measurement of the modular sample can be done in about a few hours, if it is performed properly.

7.2. Sam Tsitrin: After its development, this technique paved the way for researchers to explore the photonic properties of disordered photonic materials and their possible applications.
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, 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.
6.1 – Figure 5.pdf – TE bandgap results

6.2 – Figure7a.jpg - Measured TE transmission through square lattice

6.3 – Figure 7b.jpg - Measured TE transmission through hyperuniform structure

6.4  - Figure8a.jpg – Hyperuniform sample with straight waveguide

6.4 – Figure 8b.jpg - Measured TM transmission through the structure
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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