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A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? N
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? N
C.  Which steps of your protocol will viewers benefit most from having filmed?  3.3, 3.4
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?   2.4 careful alignment of optical paths
E.  Will the filming need to take place in multiple locations? N
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 transmit multiple individual, spatially separated light signals through a single multimode fiber while compensating for the light distortion by mode conversion inside the fiber. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Jürgen Czarske: This novel method can help to answer key questions both in biomedicine and in communication engineering, where multiple biological cells or data signal channels have to be individually addressed. 
1.2. Lars Büttner: The main advantage of this technique, which enables spatiotemporal light modulation, is that only a single spatial light modulator is needed to both calibrate and transmit multiple independent signals.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Nektarios Koukourakis: The implications of this technique extend toward non-invasive studies and prospective therapies of neurological dysfunctions like Parkinson’s disease, where monitoring and control of neurons is accomplished using spatiotemporal light signals.  
1.4. Daniel Haufe: Generally, individuals new to this method will struggle because of the high effort for careful alignment of the optical paths, which is inevitable for a high quality transmission.
D. Introduction of Demonstrator: (Said by you on camera. Don’t forget to smile!) N/A
E.  Ethics title card: (for human subjects or animal work, does not count toward word length total) N/A
Protocol (read by voice talent at JoVE):

2. The Experimental Setup
2.1. The experiment takes place on an optical bench. [1-WIDE] The optical elements have already been arranged. Some elements are used only for calibration. [2-MED] This spatial light modulator is among the elements used for data signal transmission on the “proximal” side of the setup. [3-CU/MED] This CCD camera is the data signal receiver on the “distal” side. [4-CU/MED] The data signal travels through this multi-mode optical fiber connecting the two sides. [5-CU]

2.1.1. Talent arriving at optical bench, inspecting setup

2.1.2. Overview of the setup for the experiment

2.1.3. The spatial light modulator as pointed out by talent, along with other nearby “proximal” elements

2.1.4. The CCD camera as pointed out by talent, along with other nearby “distal” elements

2.1.5. The multimode fiber connecting the sides

2.2. This schematic provides an overview of the apparatus and identifies the proximal and distal elements. [1-LM] A laser provides a collimated coherent light beam, which is split by a polarizing beam splitter. [2-LM] Use the half-wave plates to keep the two beams at approximately equal power. [3-LM-TXT] 

2.2.1. LAB MEDIA: Fig01a_setup

2.2.2. LAB MEDIA: Fig01a_setup (Video editor:  At the top of the image, in the center, please highlight the region with the symbols for the laser, the two HWPs, and the PBS, along with segments of the two green lines labeled “object beam” and “reference beam”)

2.2.3. LAB MEDIA: Fig01a_setup (Video editor: Remove the highlighting and point to the symbols labeled HWP that were in the highlighted region) [TEXT: See text protocol for details.]

2.3. The object beam goes to the distal side. [1-LM] For now, focus on the reference beam, which goes to the proximal side. [2-LM]

2.3.1. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the part of the diagram labeled “Distal side”)

2.3.2. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the part of the diagram labeled “Proximal side”)

2.4. Split the reference beam in two, with each resulting beam going through an optical modulator. [1-LM] Then, have the two beams follow the same path with a spatial separation. [2-LM] During calibration, the beams will be superposed by light from the distal side that has passed through the multimode fiber, a microscope objective, and linear polarizer and eventually interfere. [3-LM] 

2.4.1. LAB MEDIA: Fig01a_setup (Video editor: Highlight the symbols labeled BS1, OM1, OM2 as a group. By a group, I mean the listed symbols and the regions between them)

2.4.2. LAB MEDIA: Fig01a_setup (Video editor: Highlight the symbols labeled BS2 through BS4 as a group) 

2.4.3. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the symbols labeled MMF, OBJ1, LP, BS6, and the diagonal line next to the text SLM as a group)

2.5. A final beam splitter directs the two beams perpendicularly onto the spatial light modulator. [1-LM] In preparing the experiment, be sure to orient the polarizing beam splitter so that polarization of the reference beam aligns with the polarization-sensitive spatial light modulator. [2-LM] For calibration purposes, the two beams also pass through lenses focused on a CMOS camera. [3-LM]

2.5.1. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the symbols labeled BS5 and SLM as a group)
2.5.2. LAB MEDIA: Fig01a_setup (Video editor: Please call attention to the symbol labeled SLM and the symbol labeled PBS)

2.5.3. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the symbols labeled BS5, L1, L2, and CMOS as a group)
2.6. Work with the two lenses on the bench. [1-MED] Adjust their position and the distance between them. [2-CU] The goal is to get a sharp image of the spatial light modulator plane in the CMOS camera.[3-SCREEN]

2.6.1. Talent starting to work with the lenses in front of the CMOS camera

2.6.2. The two lenses as the talent adjusts them

2.6.3. SCREEN: *To be provided by the authors  (Authors: Please provide a video of the  image coming into focus. If this is not possible, please provide a labeled still image from before focusing and another labeled image from after focusing.)
2.7. Now, focus on the distal side of the setup for calibration. [1-LM] The object beam is transformed by beam splitters and mirrors into two spatially separated beams. [2-LM] Another beam splitter directs the beams into a lens focused on a CCD camera and into a microscope objective lens. [3-LM]

2.7.1. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the part of the diagram labeled “Distal side”)

2.7.2. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the symbols labeled BS7, BS8, and the diagonal lines as a group)

2.7.3. LAB MEDIA: Fig01a_setup (Video editor: Highlight the symbols BS9, L3, CCD, and OBJ2 as a group)

2.8. At the bench, focus the microscope objective on the distal end of the multimode fiber. [1-CU] Check the focus using the lens and CCD camera to observe the back reflection of the light from the multimode fiber. [2-MED] Work with the objective lens on the proximal side as well and use it to collimate the light exiting the multimode fiber. [3-LM][4-MED] 

2.8.1. The microscope objective on the distal side as the talent adjusts it

2.8.2. Talent adjusting the objective while viewing CCD image
2.8.3. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the symbol labeled OBJ1. I think this shot is more informative. The next shot is an option.)
2.8.4. Talent moving to adjust the objective on the proximal side while checking output of the fiber
2.9. Now, view the interference pattern at the CMOS camera and work to change the interference fringe spacing. [1-LM] This is done by adjusting the mirrors and beam splitters in the reference and object beams. [2-MED] This changes the angle at which the object and reference beams intersect at the spatial light modulator, which should be at less than 1 degree. [3-LM] Stop when the interference fringe spacing is roughly the size of two pixels. [4-LM]

2.9.1. LAB MEDIA: initial_interference_pattern (Authors: Please provide a typical interference pattern that would be found before making adjustments)
2.9.2. Talent working with splitters and mirrors

2.9.3. LAB MEDIA:  Fig01a_setup (Video editor: Please highlight the symbol labeled “SLM” and the two “beams” the go into it)

2.9.4. LAB MEDIA: intermediate_interference_pattern (Authors: Please provide a typical interference pattern after making adjustments to beam angles, but not the polarization)
2.10. Finally, work with the linear polarizer. [1-LM] Adjust its orientation to match the polarization of the object and reference beams. [2-CU] This will produce the maximum contrast in the CMOS camera image, which will show distinct fringes. [3-LM]

2.10.1. LAB MEDIA: Fig01a_setup (Video editor: Please highlight the symbol labeled LP left of center at the bottom of the image)

2.10.2. Talent adjusting polarizer

2.10.3. LAB MEDIA: final_interference_pattern (Authors: Please provide a typical interference pattern after making adjustment to beam angles and to polarization)
3. The Experimental Setup: Calibrating the System
3.1. The first calibration sequence involves finding the pixel relation between the spatial light modulator and the CMOS camera. [1-WIDE] Begin with the object beam just after the polarizing beam splitter. [2-LM] Block the object beam between the half-wave plate and the next beam splitter [3-MED/CU] 

3.1.1. Talent at bench, in position to block the object beam

3.1.2. LAB MEDIA:  Fig01a_setup (Video editor: Please highlight the region between the symbols labeled HWP and BS7)

3.1.3. Talent blocking beam

3.2. Next, work with one of the two reference beams immediately after they have passed through the optical modulators. [1-LM] Block only one of them so the spatial light modulator is illuminated by the other. [2-CU/MED]

3.2.1. LAB MEDIA:  Fig01a_setup (Video editor: Please highlight the region between the symbols labeled BS1 and BS2, including the symbols labeled OM1 and OM2, and the green “beams”.)

3.2.2. Talent blocking beam

3.3. Capture an image of the spatial light modulator with the CMOS camera. [1-LM] Use graphics software to identify the coordinates of the upper left corner of the modulator, which will serve as the point of origin for the spatial light modulator. [2-LM][3-MED] When done, remove both of the beam blocks to complete finding the pixel relation between the spatial light modulator and the CMOS camera. [4-MED/WIDE]

3.3.1. LAB MEDIA: slm_image (Authors: Please provide a CMOS camera image of the SLM)

3.3.2. LAB MEDIA: slm_image_coordinates (Authors: If setting the coordinates produces an obvious change in the image, please provide it)
3.3.3. Talent at computer, working to define the coordinates (Video editor: Use this if the image in 3.3.2 is not available)

3.3.4. Talent removing the beam blocks
3.4. The next calibration sequence is for the signal paths. [1-MED] At this point, these are the beam paths. [2-LM] The first step is to block object beam 2 just after two beam splitters in its path, and to block reference beam 2 after the light modulator. [3-LM] Then, use the CMOS camera to capture an image of the hologram. [4-LM] From this calculate the inverted phase in region 1 of the beam. [5-LM-TXT][TEXT: See text protocol.] 

3.4.1. Talent at bench, preparing to place beam blocks

3.4.2. LAB MEDIA: Fig01a_setup

3.4.3. LAB MEDIA: Fig01a_setup_1 (Authors: Please provide a version of  Fig01a_setup with the object and reference beams 2 blocked) (Video editor: Please highlight the symbols labeled BS7, BS6, and OM2)

3.4.4. LAB MEDIA: hologram_image_2 (Authors: Please provide an image of the hologram captured by the CMOS camera)
3.4.5. LAB MEDIA: inv_phase_reg_1 (Authors: Please provide an image of the inverted phase for region 1)
3.5. Continue by removing the blocks from the beams. [1-LM] Next, block object beam 1 and reference beam 1. [2-LM] Calculate the inverted phase in region 2 of the beam from the hologram captured by the camera.  [3-LM] Be sure to remove all beam blocks before proceeding. [4-WIDE]

3.5.1. LAB MEDIA: Fig01a_setup

3.5.2. LAB MEDIA: Fig01a_setup_2 (Authors: Please provide a version of  Fig01a_setup with the object and reference beams 1 blocked)
3.5.3. LAB MEDIA: inv_phase_reg_2 (Authors: Please provide an image of the inverted phase for region 1)
3.5.4. Talent removing beam blocks (Video editor: An alternate shot is to use Fig01a_setup)
4. Transmitting the Signals
4.1. The setup for the transmission experiments is simpler. [1-WIDE] Signal transmission does not require the CMOS camera and the object beam is blocked. [2-LM] Now the two reference beams are reflected from two regions of the spatial light modulator. [3-LM] From there, the reflected beams pass through the multimode fiber to the CCD camera. [3-LM]

4.1.1. Talent in position to prepare setup for experiment

4.1.2. LAB MEDIA: Fig01b_setup

4.1.3. LAB MEDIA: Fig01b_setup (Video editor: Please highlight the symbols labeled BS2, BS3, BS4, BS5, and SLM as a group)

4.1.4. LAB MEDIA: Fig01b_setup (Video editor: Please highlight the symbols labeled BS6, LP, OBJ1, MMF, OBJ2, L3, and CCD as a group)

4.2. At the computer, prepare the image for the spatial light modulator. [1-MED] For the image, arrange the region 1 and 2 inverted phase images in their corresponding positions. [2-LM] Then, stitch these images together for display on the spatial light modulator using its computer graphics port. [3-LM]

4.2.1. Talent at computer, working with inverted images

4.2.2. LAB MEDIA:  inv_phase_reg_1, inv_phase_reg_2 (Authors: Please arrange the filenames so the first listed file will be on the left in the combined image) (Video editor: Please show the images from left to right as listed. If there is a way to visually suggest that these two images are merged to produce the image in 4.2.3, please use it)

4.2.3. LAB MEDIA: combined_phase (Authors: Please provide an image of the stitched together previously found phase images) 
4.3. At the bench, make the final preparations for the experiment. [1-MED] The reference beams pass through light intensity modulators. [2-LM] Activate these on both reference beams to proceed. [3-CU] At the computer, observe and record the output signals from the CCD camera. [4-WIDE]

4.3.1. Talent getting into position to activate the light modulators 

4.3.2. LAB MEDIA:  Fig01b_setup (Video editor: Please highlight the symbols labeled OM1 and OM2)

4.3.3. The light modulators on the bench as they are being turned on

4.3.4. Talent at computer observing the output
5. Results: Transmission of Two Signals through an Optical Fiber using Wavefront Shaping 
5.1. These are typical results recorded by the camera on the distal side after the signal has traversed a 2 meter long fiber. [1-LM] The images correspond to only signal 1 being on, <pause> only signal two being on, <pause> and both signals being on. [2-LM] In addition to the desired peaks in each image, there is speckle due to limitations of digital optical phase conjugation. [3-LM] The peak-to-background ratio can be increased by using fibers that support a larger number of modes. [4-LM]

5.1.1. LAB MEDIA: Fig02_results_transmission.pdf 

5.1.2. LAB MEDIA: Fig02_results_transmission.pdf  (Video editor: Please highlight/point to the leftmost image during “only signal 1 being on”, the center image during “only signal two being on”, and the rightmost image during “and both signals being on”)

5.1.3. LAB MEDIA: Fig02_results_transmission.pdf  (Video editor: Please call attention to the speckle that appears in each image. If it is clearer to focus on only one image, choose the rightmost.)

5.1.4. LAB MEDIA: Fig02_results_transmission.pdf 

5.2. There is crosstalk between the two periodic output signals. [1-LM] The frequency spectrum of signal 1 shows the expected peak at frequency f1, and a smaller one at frequency f2. [2-LM] Similarly, the frequency spectrum of signal 2 has it expected peak at f2, and a smaller one at f1. [3-LM] 

5.2.1. LAB MEDIA: Fig03a_results_spectrum

5.2.2. LAB MEDIA: Fig03a_results_spectrum, Fig03b_results_spectrum (Video editor: Please add the new image below the old one)
6. Conclusion (said by authors on camera)
6.1. Daniel Haufe: While attempting this procedure, it’s important to match the spatial light modulator and the CMOS camera carefully for the digital optical phase conjugation to work.
6.2. Nektarios Koukourakis: In order to enhance this procedure, model-based calibration methods can be applied to perform the transmission without access to the distal end of the fiber.
6.3. Lars Büttner: After watching this video, you should have a good understanding of how to apply individual wavefront shaping for the transmission of independent signals through a multimode fiber.
6.4. Jürgen Czarske: After its development, this technique paved the way for researchers in the field of optogenetics to explore neurodegenerative diseases in model organisms as well as human induced pluripotent stem cell-derived neurons or cardiomyocytes.  
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.  

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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