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Introduction
The workbench consists of a PC, a rack mountable high voltage driver, and an 18x18 inch bread board populated with a laser diode, mirrors, lenses, cameras and a host of mounts to align everything into a cohesive system. One way of looking at the bench is in parts. It exists as a whole, and then as several sub systems: The Software, Hardware, and Optics. Obviously these subsystems work together, though it is easier to work linearly if we look at the parts. The software runs on the pc and sends signals through the electronics thus enabling us to effectively correct the optics. The hardware facilitates everything, and can be further examined as alignment and signal hardware. This is how I’ve chosen to introduce the bench, it will aide in understanding the system as a whole. (You may notice repetition throughout the document; this is intentional as it will familiarize the reader with many of the details that should be set and continuously verified.)
1. Bench Overview
1.1 - Nomenclature
Matrox Solios Card - Frame grabber card installed on PC. 
NI I/O Card – Digital to analog converter (D to A) Installed on PC.
Smart Driver – High voltage driver provides high voltage signal to deformable mirror. 
FL – Focal length refers to the distance between the center of a lens and its focal point.
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DM           


      WFS


      PC Cards        
DM – Deformable Mirror: the mirror is mounted on an electronic board and will be referred to as a single entity with respect to alignment procedure and cabling, however it should be noted that only the reflective surface on the chip set is used in the optical path. See Appendix (Deformable Mirror)
WFS – Wave Front Sensor: refers to both the Shack-Hartman lenslet array and the CCD camera as a single entity. The lenslet array is mounted directly on the camera at a distance of one lenslet focal length from the CCD. 
1.2 – Top View
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Let’s begin with a simple rundown of the system. The bird’s eye view is a very effective venue and will be used extensively throughout this guide. Beginning at bottom left corner. The laser provides a collimated beam 3mm in diameter. The first flat mirror redirects and finely corrects the beam height. Next is a system of two lenses placed specifically to resize the beam to a 4mm diameter, in order to image the entire 3.5 mm DM. The redirected beam encounters another pair of lenses. There is the addition of a beam splitter and flat mirror in between to redirect some light to the science camera and the rest to the WFS camera. Again the distance between the lenses is carefully set in order to image the DM and the WFS. The WFS sends an image to the PC via the Matrox Solios image grabber. The software now calculates the wave front so that a signal may be sent to the DM via the NI I/O card. The signal is then amplified by the HV driver and sent to drive the deformable mirror. The deformable mirror now corrects any aberrated wave front it reflects. These corrected wave fronts are then collected by the science camera. The system continues to re-correct the wave fronts in a closed loop process. Each step in this process will be further explained in the, afore mentioned order.        
2. Parts (Hardware) 
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2.1- PC- matrox card, NI I/O card, cabling. 
2.2- HVD- panel description, connectors, cabling.


See Appendix (Smart Driver)  

The Iris AO Smart Driver is a 19 inch rack mountable high voltage driver. The whole system is modularly expandable and the driver pictured here is capable of running 128, 256, or 384 channels depending on the model. The driver interfaces with the DM via 68 pin ribbon cables, in our case a pair of cables provide 128 output channels. 
The Smart Driver outputs on the left are capable of providing >200 VDC. High voltage safety should be observed. Output 1 should be connected to J1 and output 2 to J2 on the DM Mirror Interface Board .The Digital Interfaces on the right allow the National Instruments card to send voltages derived from the piston tip tilt values output by the WFS. Either interface may be used to connect to the NI Card. The Vlim connector is both a safety interlock and a voltage limiter. (See Smart Driver Manual) The Box number is set by a rotary switch. This should be set to 0 when using only one Smart Driver.







Smart Driver Back Panel

2.3- Breadboard –
Laser, Mounts, bases, mirrors, filters, lenses, DM, WFS, Science cam, cabling, connectors, and mounting hardware (screws) 
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  Laser in mount                             Flat mirror in adjustable mount
3. Optical Path
3.1- schematic view
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3.2- Walk Through
The system begins with the Laser diode. A collimated beam 3mm in diameter provides our point source. The beam is then redirected and finely corrected for height and translation by a flat mirror mounted on a high precision adjustable mount. We direct the beam toward the DM, and adjust the DM to reflect the beam toward another flat mirror which sends it to the WFS. The lenses are placed between the mirrors in precise focal systems. The first of which enlarges and collimates the beam; it now fits the 3.5mm diameter DM. This system also provides us with an image plane that facilitates our simulated aberration. The next lens system falls between the DM and the WFS. Though it is bent and sent through a beam splitter the beam is focused and then collimated just as in the previous system. This system puts the image plane at the DM and the CCD. In the middle of that, the beam splitter redirects ~50% of the light to the science camera which is one focal length away from the first lens in the system. Thus we have a focused image of the light from the DM. In the next sections we’ll look closely at these systems and their components to better understand the layout. [image: image8.jpg]
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3.3- Optics to be used 
	|     PART     |     QUANTITY     |     DESCRIPTION        

	Flat mirror – 2 – Accurately redirect beam

	75mm FL – 1– First lens the beam encounters

	100mm FL – 1 – Second lens the beam encounters

	200mm FL – 2 – Third and fourth lens beam encounters

	50/50 Beam Splitter – 1 – Inundates beam  

	There are 4 Plano-convex lenses, 3 mirrors (2 flat & 1 DM), and 1 beam splitter.


3.4- Beam size  
Looking at the first system we see two dissimilar lenses, a 75mm and 100mm lens. This pairing does two things; first it images the DM to a plane, one FL before the first lens. Secondly, it resizes the beam at a ratio of the two FL, 75:100 or 3:4. The 3mm beam is multiplied by 4/3 thus providing a 4mm beam. The beam now encounters the DM. The beam diameter is now such that it fully inscribes the 3.5mm DM. The beam is then redirected toward the second flat mirror, encountering 200mm FL lens and the 50/50 beam splitter. The beam comes to focus at the CCD of the science camera and just before the flat mirror. It then travels another FL to the next lens. When the beam meets this lens, it is collimated once more; the WFS can now see each hexagonal mirror segment with a corresponding lenslet. The lenslet array now focuses 37 spots onto the CCD. The position of these spots will be referenced by the software, and the wave front will be represented by a list of numbers corresponding to any number of 21 Zernike coefficients. (See Iris AO Software Users Guide)   
4. Software
4.1- AO Loop
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4.2- Step by step scenario (for those who jump right in)
Begin by removing the DM cover slip, checking that all the proper equipment is plugged in and securing the area so that there is little chance for anything to fall and jar the DM while it is powered. Jarring vibration while during correction will result in damage to the DM. 
· Start Matlab and type ao in the command line. Press RETURN.
· A welcome screen will appear, follow the instructions.

· The software should prompt “DM Flattened, begin WFS algorithm.”
· Open the WFS program and check that the reticles align to the spots.

· In Matlab press RETURN to begin reading the WFS data into Matlab.

· With the first couple of iterations two figures should pop up. These figures let you monitor the Zernike modes that are currently being applied and the RMS wave front error.  

· After a few iterations, introduce the aberration lens. Watch for a sharp jump in the graphs. 

· You should see the RMS error begin to drop as the system corrects for the aberration. The speed at which this occurs depends on the gain setting. 

· Taking the aberration lens out you should see a second spike followed by corrections to stable operation.

4.3- Software Output: As the system corrects, it will update the figures shown below. The first is a graph of the residuals, so you can see the aberration attenuate with each correction.
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This Zernike Graph shows the amount of aberration by mode. The top histogram showa our initial flattened mirror correction, while the bottom shows the current modes being applied to the mirror. 
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5. Assembly and Alignment
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There are 3 types of Base. By loosening the mounting screws one may adjust the base position in the directions of the arrows shown above in red. In the case of the rectangular base the post holder must be loose to adjust in the direction of the green arrow.

5.1- Level laser:  See Appendix (Laser operator’s manual)
Mount the laser with a post, post holder, and base. Then screw it down to a corner on the breadboard. The first step in aligning the bench is to make sure the beam is parallel to the breadboard surface. This ensures that the beam height will remain constant over the entire beam path. The Laser mount has two screws at the top which are used to hold the laser in place once aligned. Alignment is done by using two points of reference, one point near the laser and the second point at the other end of the breadboard. Using the diagonal of the bread board allows a correction over the longest distance ~ 65cm and should be accurate enough for rough leveling. Two irises set to precisely the same height work very well as reference points. Be careful to compensate for movement when tightening the screws on the laser mount. Once the laser is satisfactorily leveled the height of the beam may be adjusted by varying the post height. In the next part of the alignment we will set up the mirrors in the system that will be used to accurately direct the beam through the centers of the lenses. This will give us a level path, when we introduce the lenses, we’ll see any misalignments are due to the lens placement.
5.2- Mirror placement and alignment
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Once the Laser is leveled, make a guess of the best placement and direct the beam toward the DM. Using a Dummy mirror for safety we can set the overall beam height. Mount the DM so that it is facing in the general direction in the optical design. Aim the laser at the DM and adjust the height accordingly. Be sure to afford space for later adjustment and make sure you can mount the flat mirror at this height as well. Next mount the first flat mirror in an adjustable mount and find the correct height combination of post / post holder.
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Place the mirror in the general area and secure it loosely to allow for adjustment. Direct the laser toward the flat mirror, using the holes in the breadboard as a guide; bend the beam toward the DM. The major adjustment is done with the base and minor adjustments will be done with the mount. Using the irises to check that the beam is still level, direct the beam toward the DM. The first flat mirror and DM should be more than 350mm away from each other. This will allow us to fit the lens system in between.   We will now use the science camera and filters to fine tune the alignment. The laser will be too intense to view a precise spot on the CCD, so we’ll use a neutral density filter(s) between the beam and the camera. Mount to camera on a base and set the height so the beam will be in the middle of the CCD. Placing the camera in the beam path between the laser and the flat mirror, make note of the beam height by marking the spot height on the monitor. Now moving the camera away from the laser, keeping track of how much the spot moves up or down. This should be a small amount if any. Next place the camera between the DM and the flat mirror. Using the same technique as the previous step check that the beam is level and use the knob that varies the beam height to finely adjust the mirror (we’re only concerned with height at the moment). Tighten the post holders to lock in this height. Check accordingly with the camera to verify nothing has moved. Place the camera in the beam path after the DM and take note whether or not there is a height change. Now were going to set up the second flat mirror. This mirror will be at least 400mm away from the DM. Place the flat mirror in the general area and the put the science camera where the WFS will eventually go. There should be at least 400mm between the second flat mirror and the WFS. Remember we haven’t changed the height of anything so we can adjust the second flat mirror until the spot height is the same as the reference we marked on the monitor. 
5.3- Lens placement and alignment
Things to remember: 
-Always face the curved or powered side of the lens towards collimation.
-Flat mirrors redirect the beam.

-Lenses will steer the beam when the beam encounters them off center.

Lens placement is a crucial step in the alignment. The focal point of each lens must be set in the correct spot in order for the bench to work properly. First of all make sure the bases are mounted near the desired area with enough range of motion for adjustments. The first lens is 75mm FL and should be mounted 275mm from the DM. For now the chief requirement is that the beam passes through the center of the lenses. Eyeball the alignment of the first lens to get it close to center. Use an iris set to the beam height to view the direction of the beam as it exits the lens. The proper alignment would put the focus at 75mm after the lens with no change in height or translation. Snug the post holder a bit just tight enough so that small adjustments to the horizontal tilt can be made (check back reflection). The next lens is a 100mm FL lens and should be placed 100mm from the DM. This puts the focus of the lens on the DM. Check that the 75mm FL lens is 175mm away from the 100mm FL. Here we can use the Camera again, adjust the lens so that the beam is in the same spot as the reference point on the monitor. Essentially if we can line the lenses up correctly the beam should stay on the reference point. Now that we’ve put in the second lens the beam should be collimated between the 100mm FL lens and the DM.
The path should be:


Flat mirror---100mm+-25mm---Lens1---175mm---Lens2---100mm---DM

In order verify the height of the beam after the DM we’ll place an iris between the DM and the second flat mirror and the other iris between the flat mirror and the science camera (WFS).      
The beam height should be constant. Using a flat reflective surface (one of the filters works well) redirect the collimated section of the beam to a far point in the room. There should be little or no change in the beam diameter. Now we will place the second lens system. This system is similar to the first, though now we’ll use longer 200mm FL lenses and the path will be bent. The first lens is placed 200mm from the DM. Make sure that the beam goes directly through the center of the lens. The beam will come to focus 200mm away. The beam will encounter the second flat mirror and then be redirected toward the WFS. The fourth lens goes between the flat mirror and the WFS. The total distance between lenses three and four should be 400mm, because of this long run we use the flat mirror to fold the beam, thus allowing the system to fit on the bread board. This will image the DM onto the WFS, which is another 200mm away from the fourth lens. Replace science camera with the WFS and confirm that the total run is 800mm from the DM to the WFS making adjustments as needed.
The path should be:


DM---200mm---Lens3---400mm w/ Flat mirror---Lens4---200mm---WFS 
The next step is the place the science camera and the beam splitter. Mount the beam splitter in an adjustable mount. Find a spot after the third lens before the beam comes to focus, and place the beam splitter so that you may redirect the converging beam toward the science camera without blocking the beam path toward the flat mirror. Place the science camera so that the redirected beam comes to focus on the CCD. Use the fine adjustments on the mount to direct the beam toward the reference point on the monitor so that things remain level. 

The path should be:


Lens3---<200mm---Beam splitter=== Focus at CCD===Flat mirror---Lens4

Double check all distances, back reflections, and secure all knobs to ensure nothing moves. The rough alignment is done; a finer adjustment can later be made using the AO system.
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The image on the left is a representation of what you should see in the Intellicam window. The image on the right is a representation of a misalignment causing double spots. This is covered in the next section. You should see 37 Hartman spots, if you do not trace through the system and look for basic alignment. Look for the obvious first, for instance check that the laser is hitting the WFS. This is easily traced with the filters out of the system. 
5.4- Finishing touches
Once the system is aligned according to the theorized measurements we may begin fine tuning. In order to finely tune the system one must understand the cause and effect for specific adjustments. The main point of these final adjustments is to ensure that the DM and WFS are conjugate. In other words they are aligned so that the DM is imaged onto the same plane that the lenslet array sits in. With correct adjustment we will have 1:1 imaging, with each mirror segment on the mirror corresponding to a single lenslet on the WFS. The magnification must be correct. If the segments are imaged too small or too large there will be a noticeable degradation to the spot pattern. If the image is to large there will be light from single mirror segments on more than one lenslet and this will result in doubled spots. If the image is too small the spacing between mirror segments will be misrepresented and thus misread by the WFS. This may also result in double spots.
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Magnification too large                  Correct Magnification              Magnification too small
  Using software we are able to move individual segments of the mirror and finely align the system. The wave front sensing is only as good as the alignment. We will concentrate most of the adjustments on three parts, the second flat mirror, Lens 4, and the WFS. These three points are critical because they determine the final beam diameter and alignment. (Assuming the rough alignment went well.) The distance between Lenses 3 and 4 will determine the beam diameter. The DM is one focal length from Lens 3. This fixed distance allows a 1:1 image to be produced after Lens 4. 
Here we see an example of the beam being translated between the lenslets, causing the segment on either side of each spot to be illuminated. This will most likely result in uniform doubling of the entire pattern.
This is easily corrected by adjusting the flat mirror closest to the WFS in the horizontal direction until the spots are aligned to individual lenslets. 
Begin by opening Intellicam and opening a cmd window. Using the twitch program (see appendix) keep a close eye on the spot pattern. Flatten the DM and observe the spot pattern. Be sure to shutdown the DM when making large adjustments with tools. If a tool drops on the table while the DM is powered the resultant jarring will very likely destroy the DM. Keeping in mind that the distance between Lens 3 and Lens 4 should be 2 focal lengths, recognize that real lenses are not perfect and the actual focal lengths may vary. Therefore it is best to use these fine adjustment procedures to accurately align the system. In this procedure we will vary one distance and fix the other. The distance between Lens 3 and Lens 4 will be varied by translating Lens 4 closer or farther away from Lens 3. The Distance between the WFS and Lens 4 will be fixed. This mean when you move Lens 4 towards Lens 3, the WFS will move in the same direction and the same distance, to preserve the 100mm distance between Lens 4 and the WFS. By varying the distance we will see the magnification of the spot pattern in the Intellicam window change. We are looking to have one spot in each lenslet. Twitch the center segment and watch the spot to either side of the center spot. If one of the adjacent spots is more affected by the twitching than the other, try using the flat mirror to translate the beam slightly in the corresponding direction so that both adjacent spots respond similarly. 
This should effectively center the beam on one axis. Twitch the beam in the other axis i.e. vertically, and repeat the adjustment until the both axis are aligned. Check the spot pattern with the mirror flattened. If there are still double spots in a uniform pattern the magnification is off. Twitch segment and make observations to dictate the direction in which to adjust Lens 4. If the spot pattern is too large, move Lens 4 towards Lens 3. Double check the alignment with the procedure from the previous steps. This is a tedious and necessary procedure. Take your time and get the alignment precise. If the image is not 1:1 the system will not be able to achieve accurate closed loop performance. 
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