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Author Questionnaire:

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? N 
2. Does your protocol include software usage? N
3. Which steps from the protocol section below are the most important for viewers to see? 2.4, 2.5, 3.5, 3.6, 4.1, 4.2, and 4.6

4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Key points of the procedure are steps 3.5 and 3.6. To ensure success you should be able to set the most convenient pixel cell and iris sizes.

5. Will the filming need to take place in multiple locations? Y
If yes, how far apart are the locations? 
The experiment will be carried out at the laboratory room, but interviews can take place in another room located two floors above to the former, but in the same building.


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

1. REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

Why is your protocol significant? OR What key questions can this method help answer? 

1.1. Omel Mendoza-Yero: This protocol can be useful to perform beam shaping of spatially coherent laser beams by using just a diffractive optical element encoded into a phase-only spatial light modulator.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.


What is the main advantage of this technique?

1.2. Miguel Carbonell-Leal: The technique described in this protocol gives you a simple but high accuracy tool able to spatially modify, at micrometric scale, both the amplitude and phase of laser beams, simultaneously.

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

Introduction of Demonstrator: N/A

Ethics title card: N/A

Section - Protocol
2. Encoding the Complex Field into a Single Phase Element
2.1. Encode the complex field using a spatial light modulator and computer. [1] Find the light modulator’s spatial resolution from its technical specifications. [2-TXT] Next, move to a computer to define the amplitude and phase patterns. [3]
2.1.1. WIDE: Talent with spatial light modulator (SLM), near a computer
2.1.2. MED: Talent inspecting SLM [TEXT: SLM – Resolution: 1920 x 1800; Active area: 15.36 x 8.64 mm2; Pixel pitch: 8 µm; Phase shift: 2.6π @ 850 nm;]
2.1.3. MED: Talent beginning work with computer
2.2. Define the desired amplitude pattern as a digital image in gray level format, with values ranging from 0 to 255. [1] For the desired phase pattern, define it in gray level format with values ranging from -π/2 to π/2. [2] 
2.2.1. LAB MEDIA: A(x,y).pptx Video editor: This image should be titled ‘A(x, y)’, either in the original image or by text overlay
2.2.2. LAB MEDIA: phi(x,y).pptx Video editor: This image should be titled ‘(x, y)’ (‘phi(x,y)’, if necessary) either in the original image or by text overlay
2.3. With the phase and amplitude defined, computer-generate these two phase patterns using them. Note that A-max is set to 2. [1] Also, define two two-dimensional binary gratings with spatial resolution equal to the spatial light modulator display. [2] These appear as checkerboard patterns shifted by one square vertically or horizontally so that, when superposed, they produce a uniform pattern with height 1. [3]
2.3.1. LAB MEDIA: ‘equation 2 image.pptx’, ‘equation 3 image.pptx’ Video editor:  Please show these side by side. The title text is in the files 59158eq2.jpg and 59158eq3.jpg, respectively. Please make the typeset mathematics as clear as possible in this and other shots.
2.3.2. LAB MEDIA: M1.pptx, M2.pptx Video editor: Please show these side by side. Use the titles ‘M1’ and ‘M2’
2.3.3. LAB MEDIA: M1.pptx, M2.pptx Video editor: Please use zoomed in portions of these images (or similar images) to demonstrate that they are the same, just shifted by one square vertically or horizontally.
2.4. To help reduce the effect of pixel crosstalk, generate other pairs of checkerboard patterns for the binary phase gratings with different pixel cells having an increased number of pixels. The total number of pixels should be the same and equal to the spatial resolution of the spatial light modulator. [1]
2.4.1. LAB MEDIA: ‘M1 and M2 with different pixel cells.pptx’ Video editor: Please begin with the first image in the file then show the second and third alone over the course of the shot. The point is to demonstrate possible changes in the pixel size from the size chosen in shot 2.3. Use the titles in the files. 
2.5. To construct a single phase element, pair each binary grating with a different phase term. [1] Then, spatially multiplex each pair and add the results. [2] This is the phase element for the previously defined phases and gratings with pixel cell size 1. [3] Note that changing the pixel cell size does affect the spatial resolution of the final single phase element. [4]
2.5.1. LAB MEDIA: ‘equation 2 image.pptx’, ‘equation 3 image.pptx’,  M1.pptx, M2.pptx, 59518eq5.jpg Video editor: Please pair ‘M1’ with ‘equation 2’, with one on top of the other. Next to them, similarly pair ‘M2’  with ‘equation 3’. All images should be titled as they were in previous shots.
2.5.2. LAB MEDIA: ‘equation 2 image.pptx’, ‘equation 3 image.pptx’,  M1.pptx, M2.pptx, 59518eq5.jpg Video editor: Please continue with the arrangement of the previous shot and add 59518eq5.jpg (or some version of it), possibly below or between the two pairs. Associate (by pointing, highlighting,..) the pair ‘M1’ and ‘equation 2’ with the first term after the equal sign (and before the ‘+’) in 59518eq5.jpg, and associate the pair ‘M2’ and ‘equation 3’ with the term after the ‘+’ in 59518eq5.jpg. 
2.5.3. LAB MEDIA: ‘equation 5 images.pptx’, slide 1 Video editor: Please do not include the title used in the file. If you can convey that this image is the result of the actions described in previous step, please do. 
2.5.4. LAB MEDIA: ‘equation 5 images.pptx’, slide 1, slide 2 Video editor: Please add the new image to the right of the first one. Associate the text ‘pixel cell size 1x1’ with slide 1, and the text ‘pixel cell size 12x12’ with slide 2.
3. Reconstruction of the Complex Field
3.1. This schematic provides an overview of the initial setup for the experiment. [1] Place a spatial light modulator to have its programmable surface face a CCD camera. [2] Have a collimated, linearly polarized, spatially coherent laser beam go to a beam splitter that redirects the beam to the spatial light modulator. [3] 
3.1.1. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 2 
3.1.2. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 2 Video editor: Please call attention to the symbol labeled “SLM” at the left during “spatial light modulator” and the symbol labeled “CCD” at the right during “face a CCD camera”
3.1.3. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 2 Video editor: Please call attention to the path in red from the label “Laser beam” to the symbol labeled “BS” and from there to the symbol labeled “SLM”. Ideally call attention to the symbols labeled “BS” and “SLM” when those labels are referred to in the narration.
3.2. Light from the spatial light modulator passes through the beam splitter into a 44f optical image system. [1-TXT] Place the CCD at the output plane of the imaging system. [2] 
3.2.1. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 2  [TEXT: Lens focal lengths: 300 mm and 150 mm] Video editor: Please call attention to the path in red that goes from the symbol labeled “SLM” to the symbols labeled “L1” and “L2”
3.2.2. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 2  Video editor: Please call attention to the path in red that goes from the symbol labeled “L2” to the symbol labeled “CCD”
3.3. This is the setup as it appears on the bench. [1] The laser beam passes through a beam expander to adjust its size. [2] Two mirrors direct the output beam to the beam splitter. [3] Here is the beam splitter in front of the spatial light modulator. [4] Two lenses focus light from the spatial light modulator onto a CCD camera. [5]
3.3.1. MED: Overview of the optical setup Videograper: It would probably be best to have the beam expander in the foreground. Please consult the authors.
3.3.2. MED: Demonstrate the position of the beam expander in the setup, possibly with talent calling attention to it
3.3.3. MED: Demonstrate the positions of the mirrors and the beam splitter, possibly with talent calling attention to them
3.3.4. MED: The beam splitter and the spatial light modulator in the setup
3.3.5. MED: Demonstrate the positions of the lenses and the CCD camera, possibly with talent calling attention to them 
3.4. When setting up the optical system, send the computer-generated phase pattern with the lowest pixel cell to the light modulator. [1] Image the phase pattern with the CCD camera placed at several different positions along the optical axis. [2] Identify the output plane by as the position with the best resolution. [3] Secure the camera at the position associated with the best resolution. [4] 
3.4.1. MED: Talent at optical system, working with SLM
3.4.2. LAB MEDIA: “camera position.pptx”   Video editor: Please arrange the images in the order ‘close’, ‘acceptable’, ‘far’, either vertically or horizontally. Do not use the titles.
3.4.3. LAB MEDIA: “camera position.pptx”  Video editor: Please continue from the previous shot and bring the ‘acceptable’ image to the foreground
3.4.4. MED: Talent securing the camera
3.5. Next, place a circular iris at the focal plane of the first lens in the optical path, centered with the laser beam. [1][2] Again, use the CCD camera to image the phase pattern from the spatial light modulator while varying the iris aperture. [3] Adjust the iris aperture to the position that has the best spatial resolution. [4][5]
3.5.1. MED: Talent placing and securing an iris in optical setup
3.5.2. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 3 Video editor: Please show this alongside the previous shot. Call attention to the symbol labeled ‘SF’ at the center of the image.
3.5.3. LAB MEDIA: aperture.pptx Video editor: Please arrange these in any order, either vertically or horizontally. Do not use the titles
3.5.4. LAB MEDIA: aperture.pptx Video editor: Please continue with the previous shot and bring the ‘acceptable’ image forward. Show this along with 3.5.5
3.5.5. MED: Talent adjusting the aperture
3.6. Next, perform similar steps in order to minimize crosstalk. [1] Experiment with different pixel cell sizes in the phase element on the spatial light modulator. For each, select the aperture size that gives the highest resolution image on the CCD camera. [2] To minimize crosstalk, choose the pixel cell size and iris aperture that allows the highest spatial resolution. 
3.6.1. MED: Talent working with the spatial light modulator 
3.6.2. LAB MEDIA: “pixel cells.pptx” Video editor: Please show the image pairs, possibly starting with the first and adding the others over time. Associate each pair with the ‘pixel cell’ value in the file. Title the left column “phase element” and the right column “camera image”
3.6.3. LAB MEDIA: “pixel cells.pptx” Video editor: Please bring the pair of images labeled pixel cell size 4 to the foreground Authors: Please correct this if necessary.OK. It is correct.

4. Measure the Reconstructed Complex Field
4.1. For measurements, use the polarization-based phase shifting technique. [1] Place an optical polarizer just before the spatial light modulator. [2][3] Image the phase element on the camera and set the polarizer’s rotation angle by visually searching for the angles corresponding to the sharpest and most blurred images in the CCD camera. [4] Fix the polarizer between the two angles. [5]
4.1.1. WIDE: Talent at bench, preparing to place polarizer 
4.1.2. MED: Talent placing polarizer 
4.1.3. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 4  Video editor: Please call attention to the blue symbol labeled “P” at the upper left of the image, just under the label “Laser beam”.
4.1.4. LAB MEDIA: polarizer1 Authors: Please provide two camera images. One should be of the phase element imaged through the polarizer with the minimum light transmittance and the other with the maximum. Use the name polarizer1 and upload the image to your project site. Video editor: Please show these images side by side. (Author Comment: We uploaded the file named “polarizer1.pptx” to our submission folder on the JoVE website.)
4.1.5. LAB MEDIA: polarizer1, polarizer2 Authors: Please provide a camera image of the phase element imaged through the polarizer once the polarizer position has been fixed. Use the name polarizer2 and upload the image to your project site. Video editor: Please continue with the previous shot and add the new image centered below the first two images. (Author Comment: We uploaded the file named “polarizer2.pptx” to our submission folder on the JoVE website.)
4.2. Next, place the second polarizer after the backplane of the imaging system, before the camera. [1][2] Set its rotation angle by searching for the angles corresponding to the sharpest and most blurred images in the CCD camera. [3] Fix the polarizer angle between these two angles. [4]
4.2.1. MED: Talent placing the polarizer 
4.2.2. LAB MEDIA: ‘Figure 2 for edition.pptx’, slide 1  Video editor: Please call attention to the blue symbol labeled “P” at the right of the image, just before the symbol labeled “Camera” 
4.2.3. LAB MEDIA: polarizer3 Authors: Please provide two camera images. One should be of the phase element imaged through the two polarizers that is sharpest and the other the most blurred. Use the name polarizer3 and upload the image to your project site. Video editor: Please show these images side by side. (Author Comment: We uploaded the file named “polarizer3.pptx” to our submission folder on the JoVE website.)
4.2.4. LAB MEDIA: polarizer3, polarizer4 Authors: Please provide a camera image of the phase element imaged through the two polarizers once both have been fixed. Use the name polarizer4 and upload the image to your project site. Video editor: Please continue with the previous shot and add the new image centered below the first two images. (Author Comment: We uploaded the file named “polarizer4.pptx” to our submission folder on the JoVE website.)
4.3. Now, record interferograms while maintaining the camera at the output plane. [1] Add a matrix of zero radians to the phase element and send it to the spatial light modulator. [2] Record the corresponding image with the CCD. [3] 
4.3.1. WIDE: Talent preparing to record interferograms
4.3.2. LAB MEDIA: “phase shifting technique.pptx”, slide 1 Video editor: Please display the left image with the title “phase element with matrix of zeros” and the right image with the title “camera image”. During this shot, call attention to the left image.
4.3.3. LAB MEDIA: “phase shifting technique.pptx”, slide 1 Video editor: Continue with the previous image. During this shot, call attention to the right image.
4.3.4. LAB MEDIA: “phase shifting technique.pptx”, slide 2 Video editor: Please display the left image with the title “phase element with matrix of π/2”  [can use ‘pi’ instead of π] and the right image with the title “camera image”. During this shot, call attention to the left image.
4.3.5. LAB MEDIA: “phase shifting technique.pptx”, slide 2 Video editor: Continue with the previous image. During this shot, call attention to the right image.
4.4. For the second interferogram, add a matrix of π/2 radians to the phase element and send it to the spatial light modulator. [1] Record its image with the CCD camera. [2] Add a matrix of π radians to the phase element and send it to the spatial light modulator to record its interferogram with the CCD camera. [3] Finally, add a matrix of 3π/2 radians to the phase element use it in the spatial light modulator to record the fourth interferogram with the camera. [4]
4.4.1. LAB MEDIA: “phase shifting technique.pptx”, slide 2 Video editor: Please display the left image with the title “phase element with matrix of π/2”  [can use ‘pi’ instead of π] and the right image with the title “camera image”. During this shot, call attention to the left image.
4.4.2. LAB MEDIA: “phase shifting technique.pptx”, slide 2 Video editor: Continue with the previous image. During this shot, call attention to the right image.
4.4.3. LAB MEDIA: “phase shifting technique.pptx”, slide 3 Video editor: Please display the left image with the title “phase element with matrix of π”  [can use ‘pi’ instead of π] and the right image with the title “camera image”. 
4.4.4. LAB MEDIA: “phase shifting technique.pptx”, slide 4 Video editor: Please display the left image with the title “phase element with matrix of 3π/2”  [can use ‘pi’ instead of π] and the right image with the title “camera image”. 
4.5. Once the interferograms are recorded, transfer the data to a computer. [1] Here, each of the interferograms is labeled by the order in which was recorded, from the one involving the zero matrix to the 3π/2 matrix. [2] This is the retrieved amplitude of the complex field. To find it, implement this expression, which makes use of the interferogram data. [3] To retrieve the phase of the complex field, implement the remaining code to evaluate this expression with the interferogram data. [4]
4.5.1. WIDE: Talent arriving at/preparing to work at computer 
4.5.2. LAB MEDIA: “phase shifting technique.pptx”, slides 1–4, right (camera) images Video editor: Please arrange these left to right (probably best), or in two rows. Label the images “In(x,y)”, where n is the slide number the image was taken from. Convey that I1 was recorded first and I4 last.
4.5.3. LAB MEDIA: “phase shifting technique.pptx”, slides 1–4, right (camera) images, ‘final retrieved amplitude.pptx’, 59158eq8.jpg Video editor: Please continue with the previous images, then add the new image below them. During the second sentence, add the equation below it.
4.5.4. LAB MEDIA: “phase shifting technique.pptx”, slides 1–4, right (camera) images, ‘retrieved phase.pptx’, 59158eq9.jpg Video editor: Please continue with the previous shot, but replace ‘final retrieved amplitude’ with ‘retrieved phase’, and 59158eq8.jpg with 59158eq9.jpg. 
4.6. Compare the retrieved phase with the initially defined phase. Discrepancies may be due to optical aberrations at the plane of the spatial light modulator. [1] To reduce these aberrations, encode only a flat phase pattern of zero radians into the spatial light modulator. [2] Then, retrieve the laser phase at the spatial light modulator with the optical setup and the polarization-based phase shifting technique. [3]
4.6.1. LAB MEDIA: phi(x,y).pptx, ‘retrieved phase.pptx’ Video editor: Please arrange these left to right. Title the image phi(x,y) “initial phase” and the other image “retrieved phase”
4.6.2. LAB MEDIA: flat_phase_sent_to_SLM.pptx Video editor: Please show this image next to 4.6.2. Title it “=0” (or phi0=0, or phi_0=0, if necessary)
4.6.3. LAB MEDIA: flat_phase_sent_to_SLM.pptx, ‘laser phase.pptx’   Video editor: Please label the image in ‘laser phase.pptx’  jaser (or  philaser, or phi_laser, if one is more consistent with previous titles)
4.7. Now, return to the phase pattern that defines the complex field. Subtract from it the measured laser phase at the SLM plane. This yields a new phase that can be used to compensate for the aberrations.  [1] After repeating the protocol with this new phase pattern, the final retrieved phase is closer to the original than the one found without taking aberration into account. [2]
4.7.1. LAB MEDIA: phi(x,y).pptx, ‘laser phase.pptx’, ‘original phase minus laser phase.pptx’ Video editor: Please start with phi(x,y).pptx. Use the title “initial”. During the second sentence, show ‘laser phase.pptx’ with the title “jaser”. During the third sentence, add the image from ‘original phase minus laser phase.pptx’ centered below them
4.7.2. LAB MEDIA: phi(x,y).pptx, ‘final retrieved phase.pptx’, ‘retrieved phase.pptx’ Video editor: Please center phi(x,y) in a row by itself with the title “original”. In a row below it, put  ‘final retrieved phase.pptx’ on the left, titled ‘corrected’, and ‘retrieved phase.pptx’ on the right, titled ‘uncorrected’,


Section – Results
5. Results: Retrieving Amplitude and Phase Patterns under Quasi-monochromatic Illumination
5.1. [bookmark: _GoBack]This image defines the amplitude of the complex field for an experiment. [1] This image defines its phase. [2] The phase shifting technique requires measuring interferograms using phases shifted by zero, π/2, π, and 3π/2 radians. [3] These interferograms allow the retrieval of both the amplitude and the phase of the complex field using straightforward algorithms. [4]
5.1.1. LAB MEDIA: “Figure 3 by parts.pptx”, slide 1
5.1.2. LAB MEDIA: “Figure 3 by parts.pptx”, slides 1 and 2 Video editor: Please arrange these slides left to right
5.1.3. LAB MEDIA: “Figure 3 by parts.pptx”, slides 1–6 Video editor: Please arrange the images in slides 1 and 2 across the top and those in slides 3–6 left to right or in two rows below. Label the images in slides 3–6 I1–I4 as indicated in the file.
5.1.4. LAB MEDIA: “Figure 3 by parts.pptx”, slides 1, 2, 7 and 8  Video editor: Please keep the images from slides 1 and 2 in a row along the top and add the images from slides 7 and 8 below them.

Section - Conclusion
6. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.
Do you have any advice to offer to somebody who is trying this technique for the first time?
6.1. Omel Mendoza-Yero: I recommend you to go step by step, start with a simple amplitude and phase pattern and pay attention to all protocol details, including complementary tasks like SLM calibration. Video editor: This prompt and statement was moved from the Optional Interview section. 
6.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
What is most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section this advice correlates to.
6.2. Omel Mendoza-Yero: (Step: 3.6) Please, note that the iris size depends on the selected pixel cell. However, increasing the pixel cell too much can significantly reduce the spatial resolution of the retrieved complex field.
6.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
Following this procedure, what other methods can be performed? What questions would these additional methods answer?
6.3. Miguel Carbonell-Leal: This encoding method is not restricted to a particular application, but it can be widespread used for any beam shaping purposes to enhance, for instance micro-processing of materials or nonlinear microscopy.
6.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.
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