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[bookmark: _Toc208977072]Purpose

This document begins with a guide to the optics and mechanics of the SkyMapper Cassegrain Imager Shack-Hartmann telescope alignment system. It then follows with a detailed guide to using the S-H system at telescope commissioning with simple steps to first estimation of wavefront slopes, then though fairly tedious slope plotting software to generate a wavefront slope map across the entire telescope aperture to aid alignment of the telescope. Lastly the document lays out a short roadmap for a future automated system that will collect images simultaneously with both the S-H and mosaic detectors and use image fusion techniques and feedback to the hexapod mounted telescope secondary mirror to focus and align the telescope.   

[bookmark: _Toc208977073]Applicable Documents

	Document ID
	Source
	Title

	SDN
	RSAA
	

	SDN
	RSAA
	

	SDN03.11
	RSAA
	SkyMapper Imager to SkyMapper Telescope Interface Control Document

	SDN04.01
	RSAA 
	SkyMapper Components Control System

	SDN05.01
	RSAA
	SkyMapper Software Control System

	TS-07589-01
	EOS 
	EOS Technical Specification: Skymapper 1.3m Wide-Field Telescope Optical Design

	TS-07590-02
	EOS 
	EOS Technical Specification: SkyMapper 6.5m Telescope Enclosure

	TS-07591-02
	EOS 
	EOS Technical Specification: Skymapper 1.3m Wide-Field Telescope 




[bookmark: _Toc208977074]List of Acronyms 

	ADFA
	Australian Defence Force Academy
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	Australian National University
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The SkyMapper telescope is very sensitive to primary/secondary alignment and to facilitate alignment the 660mm diameter Richey-Chretien secondary mirror in the telescope is carried on a Physik Instrument (PI) hexapod mount. This hexapod support allows the secondary mirror to be adjusted for focus, tip-tilt, and x & y centration with respect to the primary mirror vertex and primary mirror optical axis. To test and correct the telescope alignment on the sky, the Cassegrain Imager carries a permanently mounted Shack-Hartmann sensor. This sensor will pass images to a S-H reduction program and correction data from this will be passed to the Telescope Control System (TCS) and PI hexapod mirror control system, this adjustment will occur a the beginning of observing each night. 

Most of the telescope field will pass by the S-H fold mirror carried cross beam and will continue to focus at the science array mosaic. Simultaneous data from the science array will be used to check telescope to mosaic focal plane co-planarity, an essential requirement for this wide-field telescope. The telescope primary mirror tip-tilt adjustment is not servo controlled and if there is a focal plane to science mosaic tilt error, manual adjustment of the primary mirror tip-tilt and re-collimation with the S-H system will be necessary. This is expected to be an infrequent adjustment (refer to SDN03.11 for further alignment details).

[image: ]
[bookmark: _Ref80610658]Figure 1: Autoguider and Shack-Hartmann ray paths.

Figure 1 is a cross section through the Autoguider and S-H optical systems. The S-H optical system consists of a fold mirror that captures and folds a suitable star from the telescope field centre and feeds this beam into a baffle tube. This baffle tube carries a 40mm thick glass disc that adds spherical aberration equal to the filter and cryostat window so that the S-H system operates on an image which has similar aberrations to those seen by the science mosaic. The telescope beam now passes through focus in air and enters the S-H module. 

The S-H module comprises a doublet collimator lens, a micro-lens array and a CCD camera. The entire module is carried on a motor driven focus slide similar to the autoguider camera. The S-H collimator doublet has a focal length of 20mm and re-images the telescope secondary pupil onto a micro-lens array; this array has 0.25mm square lenslets with a focal length of 19mm. and these form about 120 images of a single input star at the focus of a SBIG ST-402ME CCD camera. Each lenslet back-projects to about 80mm square on the primary mirror. Figure 2 shows the S-H system in the process of being designed with the Zemax optical design program.


[bookmark: _Ref80610853]Figure 2: Shack-Hartmann optical system in Zemax

The final focal ratio from each lenslet is about f/76 and the spot size is diffraction limited at about 4 pixels FWHM at the detector in 1x1 binning mode. The SBIG ST-402ME camera can be used in either 1x1 or preferably 2x2 binning mode to reduce S-H computation time. There are three filters in the camera that allow S-H images to be taken at three different wavelengths (RGB). The effective focal length of the telescope at the S-H focus is only slightly less than that of the science mosaic and provides adequate resolution to fully sample the telescope Zernike aberrations. 

Table 1 shows the properties of the SBIG ST-402ME camera and S-H system at camera focus. As noted in Section Error! Reference source not found., the autoguider S-H slide carries a calibration unit to provide a calibration frame for the S-H reduction software. This calibration unit can be remotely moved into position in front of the S-H system; the unit automatically makes electrical contact, powers a LED, illuminates a diffuser and pinhole, and provides input to the S-H module. 

[bookmark: _Ref103661461]Table 1: Shack-Hartmann system properties

	Camera SBIG 402ME
	Shack-Hartmann Value

	Telescope Focal Length at S-H
	5891.26mm

	Pixel Array
	756x510 pixels 

	Pixel Size
	0.009mm square pixels

	Pixel Projection to Sky
	0.315 arc sec/pixel  for 1x1 binning

	Active Diameters on Lenslet and CCD Array
	4.15mm diameter



The opto-mechanical design of the S-H unit is crowded and drawings with sufficient detail were not available from SBIG. We therefore purchased a camera, measured it at RSAA, and completed the design of the S-H system. Figure 3 shows the camera undergoing measurement at RSAA while Figure 4 shows the proposed design for the S-H module. 



[bookmark: _Ref103583332]Figure 3: SBIG ST-402ME camera under measurement at RSAA.




[bookmark: _Ref103583356]Figure 4: Shack-Hartmann camera and optical system.

In order to make S-H system co-focal with the mosaic the entire SBIG camera and optical system is carried on a ball bearing slide that is driven and encoded by a Newport motor encoder unit. As noted in Section 5.2 the top-most slide in the filter slide unit carries a self actuating calibrator for the S-H unit. 

Figure ?Error! Reference source not found. shows the calibrator arm rolling along the instrument superstructure wall whilst Figure 6 shows the calibrator in position in front of the S-H unit. As the top slide moves a calibrator guide roller guides the articulated calibrator unit into a socket in the end of the S-H unit and gold plated wiper contacts mate and power the LED in the calibrator. This LED, a diffuser stack and a pinhole provide an artificial star image that is used by the S-H reduction program (Error! Reference source not found.). 

[image: ]
Figure 5: S-H Calibrator rolling on the superstructure wall as the Optics Slide moves to the S-H calibrating position.

[image: ]
[bookmark: _Ref103582566]Figure 6: S-H calibrator in position, aligned with the S-H CCD camera.

[bookmark: _Toc208977076]Telescope and Imager commissioning, Telescope Focusing.

Soon after the Skymapper telescope is installed and EOS site acceptance tests are complete the ANU RSAA Cassegrain Imager instrument will be added to the telescope, the telescope balanced, the cable drape added, (Which will make the telescope safely and desirably mirror heavy) and made ready for Imager commissioning. It is likely that not all of the 32 CCD detectors in the mosaic will be readable at commissioning but is presently envisaged that 8 CCD’s in one corner of the mosaic will be imaging and this will allow imaging from centre to edge of the wide field telescope, the remaining three quadrants of the telescope field can be reached by rotating the mosaic on the instrument rotator.

4.1 Initial image acquisition at commissioning:

Start the SkyMapper telescope and point at a suitable star field, desirably within 10 degrees in altitude of zenith.

At the Imager control from CICADA insert a suitable filter, say the “r” filter.

Gather a mosaic image and inspect for focus. A suitable exposure time might be 30 to 60 seconds. The telescope should already be set near to focus by EOST at 333mm below the instrument rotator mounting face and should be within 5mm of the natural Imager focus. 

Now inspect for the captured image for focus at the centre of the mosaic and near to the corners of CCD’s U124,U125,U224,U225. These are the closest corners to the centre of the mosaic and these corners lie near the hyperbolic axis of the primary mirror and the rotation axis of the instrument rotator.

The telescope has an f/ ratio of 4.758 and the out of focus discs seen on the test images should be  1mm or 66.6 pixels in diameter if the focus is 4.75mm above or below focus, a suitable guide might be 14 pixels per mm of telescope focus, where each pixel in the mosaic image is 0.015mm. It is not possible to tell which side of focus the telescope is actually on from these images. Figure 7 shows four real images taken by EOST during factory testing in Tucson. The image in the top left is 5mm in diameter, is about 24mm from focus and shows a shadow of the telescope secondary spiders, a central diffraction spike, and mottling that is probably due to Ion milling of the secondary mirror by SAGEM Paris. The image at the lower left is ~5mm from focus, while the lower centre image is at focus with good Gaussian shape and 2.34” FWHM. Note that progressively shorter exposure times were used for this focus run and that sub frame readout will be used for focus with the SkyMapper mosaic.

[image: SkyMapper Real Images]
Figure 7: Through focus image run, focus is in the lower centre of the figure.

Now measure the image diameter and use the above constants to determine the approximate distance to focus. The telescope secondary mirror is carried on a PI hexapod support and to focus the telescope requires that all six actuators be moved by an equal amount. Entering the focus values to reposition the secondary can be done at the EOST Telescope GUI interface or perhaps via a CICADA GUI. It is not yet clear if the values entered into the EOST GUI are in mm, are at the secondary mirror actuator, or are the actual travel at the optical focus of the telescope. 

[image: SkyMapper Colour Thru Focus]
Figure 8: Colour stack of through focus images showing hexapod focus stability.

Figure ? Shows a colour stack of the EOST focus run images and shows that the centroids of the focus images and these are stable in x, y, to within a few pixels despite large secondary displacement and over significant time. When focus commands are sent to the PI servo system it replies giving present encoder positions and these values decrease as the secondary moves away from the primary mirror, these encoder values are in ~mm of secondary motion and are somewhat non linear. The relationship between motion of the secondary mirror and image motion at the CCD mosaic is non linear but near focus a 1mm increase in the primary to secondary distance will move the optical focus towards the secondary by 5.3mm at the mosaic. The single pixel geometric depth of field at the mosaic required  in very good seeing is 0.143mm and to meet this focus requirement all six hexapod actuators will need to simultaneously move and remain stable to 0.027mm. To meet the EOST diffraction depth of field and point spread function stability at the mosaic of 0.026mm is needed and this requires the hexapod to remain stable to 0.0048mm.

After calculating he necessary secondly focus motion and commanding the secondary motion take additional images and inspect the focus, reverse the direction of focus travel if the images grow in size and iterate until images near the centre of the mosaic are at minium FWHM. This value should range from 2 pixels=1” in good seeing to 4 pixels=2” in mediocre seeing. Now nspect and measure the FWHM of images near the outer corners of the mosaic, these should be on detectors U111,U118,U211,U218 and record FWHM values. Now rotate the Imager in 90 degree increments and collect additional images to tile the remaining three quadrants of the telescope focal plane, store data and FWHM Values. Note especially if images at the outer corners of the mosaic appear to pass trough focus during successive quadrant imaging as this may indicate that the mosaic and the telescope focal plane are not co-planar and may be tilted or curved, if this effect is seen then gather additional images at 45 degree instrument rotator intervals for later analysis.
  

5 Calibrating the Shack-Hartmann system. Initial image evaluation.

Soon after the telescope is bought to best focus the S- H system should be calibrated and made ready to acquire calibration pair images for this particular filter. The entire S_H camera is carried on an encoded slide and this slide position needs to be calibrated for each filter. During this phase the telescope will be focused through each filter carried in the Imager and focus and S-H focus data will be recorded and used to build an automated lookup table for each filter focus.

5.1 Calibration Process

Select a suitable S-H star for the present imaged field. At the CCD mosaic control select an 8 or  10 th magnitude single star (Do not select a binary star) and move the telescope to place this star in the corner of a CCD nearest to the centre of the mosaic. This star should be in one of the CCD’s U124,U125,U224,U225

At the CICADA control window pull down the CICAD scripts and select the OP_CAL script. This will move the optics slide inside the Imager from the centered OP_CEN position to the calibrate position and place a pinhole and LED at the input to the S-H optics. Now use the SkyMapper Win PC interface perhaps via MS Remote Desktop, start the Maxim CCD software package and start the S-H Camera. Go to the camera control expose tab, set binning at 1:1, set a 30s exposure time and gather an image, save the calibrator image, then open it again on the Maxim desktop. The image should look like the upper left window in Figure 10. The Maxim measurement tools can now be used to measure the spot positions, the spots are 0.25mm apart on a CCD having 0.009mm pixels, the spot spacing should have 27.777 pixel separation. 

[image: S-H Doc Data]
Figure 9: SkyMapper S-H calibrator and star spot patterns.

Now at the CICADA control window pull down the CICADA scripts and select the OP_VWG script. This will move the optics slide to the S-H viewing position. Again at the S-H camera control expose for 20s and part of an image shown in the lower right of Figure 10 should appear. This is an image of the real star passing through the S-H system. 

Now move the telescope and re expose to position the spot pattern from the star fully on the S-H detector as shown in the lower right of Figure 10. To minimise S-H reduction errors it is now necessary to move the telescope to place the sky S-H pattern over the calibration pattern. Use the Maxim measurement tools to help move the star spot pattern such that it nearly overlays the calibration pattern as in the image on the upper left of Figure 11. Pull down the Maxim “Colour” dropdown and use the “Colour Stack” command to more easily see the overlay alignment.

Lastly at the CICIADA control window again pull down the CICADA scripts and use the S-H FOC commands to move the S-H slide, the slide is encoded and will return it current position in mm. Take more images of the star and colour stack them with calibration image, moving the S-H slide will cause the star spot pattern to zoom. Continue to move the S-H focus until the colour stacked calibration and star images are near best overall fit. Now take and save a final 20 to 40s star image that has similar spot amplitudes to the calibration image. It is important that this image be exposed for long enough to wash over the seeing component of the telescope image hence 20 to 40s exposure, use even longer exposures during poor seeing. You have now captured a S-H reduction image pair and its S-H slide focus position for one filter. Repeat this process for all filters and store a full set of telescope hexapod focus and S-H slide focus positions so that an initial look up table can be constructed. 

[image: S-H Doc Colour Stack]
Figure 10: S-H calibrate image (Red) and star image (Blue)

The S-H star image spot pattern is in fact ~120 images of the single target star each taken with an 80mm square telescope at f/76. Much information can now be gleaned from just looking at the colour overlay pattern. If the telescope has low intrinsic aberrations and is well aligned then the S-H pair will neatly overlay as is seen in the lower right of Figure 11. If the spot patterns neatly overlay in the colour stack then use the Maxim cursor and tricolour centroid display to simultaneously display the stacked centroids. The S-H image has a scale of 0.315 arc sec/pixel and deviations from the mean spot positions show the local slope across each 80mm aperture in arc/sec. The maximum deviations seen in the image stack for a well tuned SkyMapper telescope should be less than 0.3 pixels or ~0.1 arc sec after subtraction of any grand centroid offsets. The Maxim “Colour” and “Realign Planes” command can be used to move the colour stack planes and minimise grand centroid offsets.

If the telescope is now focused by moving all six actuators in the hexapod by equal amounts then the entire star spot pattern will zoom. This zoom will unambiguously show which side of focus the telescope is on and the distance to focus. The star pattern will expand against the calibration pattern background if the telescope focus moves down and shrink if the focus moves up. If the telescope is now focused by 0.120mm then the outermost spots at radius 8 spots will zoom by 1 pixel against the calibration image, If mean image centroiding can reach 0.2 pixels than the telescope defocus direction and magnitude can be obtained to a precision of ~.025mm from a single S-H pair in all but the worst of seeing conditions. Now verify this calibration by moving the S-H slide + & - 0.025 and gather additional S-H images for later calibration.

Visual inspection of the colour stack image will show aberrations in the telescope optics. The most likely aberration evident in the colour stack is Coma due to decentre of the secondary mirror with respect to the primary. If coma is evident then the secondary mirror can be moved in x and y, then tilted in x and y on the hexapod and these values can be directly entered in the EOST GUI interface. Adjusting the hexapod will re-point the telescope and will necessitate pointing re-calibration.

[image: S-H Spot Evaluation]
Figure 11: Visual evaluation of S-H patterns.
   
A good visual guide to Seidel Aberrations in S-H patterns can be found at. http://wyant.optics.arizona.edu/seidelHartmann/seidel.htm. and Figure 11 shows the spot displacemt vectors due to astigmatism. This web based tool allows the user to enter various combinations of tilt, focus, coma, astigmatism and spherical aberration, visualise the aberration mix, and compare them with the SkyMapper S-H colour stack. The hexapod support in SkyMapper will allow the minimisation of tilt, focus and coma, astigmatism could be caused by mirror support problems and could be minimised on site, repair of spherical aberration would require lengthy re-figuring of the primary or secondary mirrors.

All S-H calibration images thus far have been gathered in white light while mosaic images were gathered through the Imager colour filters, this will be the normal S-H  mode of operation. The SkyMapper telescope has a refractive Corrector Lens Assembly that may induce chromatic aberration; the SkyMapper S-H camera carries a colour filter wheel to allow evaluation of the CLA chromatic aberrations. These filters can be selected from the Maxim “Expose” GUI. Figure 12 shows the bandpass for the three available filters.

[image: cfw_402_bvi_graph2]
Figure 12: SkyMapper S-H filter bandpass.

6 Combined Mosaic and S-H Data Reduction.

It is unlikely that full S-H reduction software will be available for telescope commissioning but some wavefront error data may be gleaned from simple slope summations across the S-H displacement vector field. A very simple analysis procedure might use two readily available software packages.

Briefly these steps to simple line slope plotting are.

Load the S-H image pairs in to the free Subaru image processor and extract the S-H spot centroids.

Using the Astrometry tools, adjust the xSD and set a threshold to limit detections, then build a a comma delimited file of the spot centroids for both calibrator and S-H data.

Insert both files into Excel and shift the S-H star data vertically and separate sections to align with the calibration data.

Independently copy the x and y columns from the image pairs in to side by side columns and subtract them to make x and y vector error tables. 

Copy errors to error vector display (tedious).

Plot row and column errors by adding slopes consecutively beginning at some suitable anchor pixel. 

[image: SkyMapper S-H Red 4]
Figure 13: Finding S-H centroids in Makalii.

[image: SkyMapper S-H Red 2]
Figure 14: Makalii data in Excel.

[image: SkyMapper S-H Reduction]
Figure 15: Shack-Hartmann vector error map in Excel.

Figure 13 shows a SkyMapper S-H calibration frame loaded into the Subaru image processor Makalii where the spot centroids are found and output in comma delimited format. Figure 14 show data from a S-H pair loaded into Excel where the data columns are aligned and subtracted to create a vector error map. Figure 15 shows a vector map in Excel for simple plotting of row and column vector errors. 

An advanced math program such as Matlab will be required to perform the matrix wavefront reconstruction from the derived S-H gradients or slopes. Reconstruction requires Moore-Penrose least squares matrix multiplication to map nine points around each corner of each sampled subaperture on the primary from only eight input slopes and wavefront reconstruction must comfortably handle the large central obstruction seen in Fig 10. Once reconstructed the x and y tip tilt values can be subtracted to yield a map of the peak to peak wavefront error across the telescope aperture, the aim of the telescope tuning is to minimise this total wavefront error while ignoring telescope pointing or tip tilt. If required the Zernekie coefficients can be extracted from the reconstructed wavefront, these will add additional insight re the actual nature of the telescope aberrations though they may not be strictly necessary for tuning the telescope.

To aid the wavefront reconstruction some knowledge of the telescope geometry, and a suitable nomenclature is required. For likely slopes across a 1.3m aperture the phase or Optical Path Difference at the edge of the mirror is many wavelengths of green light so a suitable unit for OPD might be “mm” and a suitable unit of slope might be “micro-radians”.  An initial feel for these units would give:

Table 2: Shack-Hartmann wavefront reconstruction constants.

	Telescope and S-H Parameter
	Parameter Value

	Apparent Telescope Focal Length at S-H
	5891.26mm

	Wavefront Tilt for Ideal 1.0” Seeing
	4.8481 micro radians

	Telescope Aperture ”D”
	1300mm

	S-H Active Collimated Beam Diameter on Lenslet Pupili and CCD Array “d”
	4.15mm

	D /d Ratio & Wavefront Tilt Multiplier
(Afocal Ratio)
	313.253:1

	OPD at Ideal Seeing across 1.3m Aperture
	.006302mm

	Wavefront Tilt across 0.25mm Microlens and S-H Pupil for Ideal 1.0” Seeing
	1518.692 micro radians

	0.25mm Microlens Back Projected to Primary Mirror
	78.3132mm square

	S-H Camera Pixel Projection to Sky
	1.52  micro radians/pixel  for 1x1 binning




Note that the OPD is preserved from telescope aperture to the S-H lenslet pupil while the tilt across S-H pupil or each microlens is amplified by the ratio of D/d, the S-H system measures steep slopes but these are in reality quite small slopes at the primary mirror sub-apertures. It is important the S-H microlens array be at a re-imaged pupil or image of the primary mirror aperture or the sampled sub-apertures will move about on the primary mirror with telescope pointing or with seeing, every effort was made during the S-H design to meet this condition though it would be difficult to test without resort to multiple cardboard masks suspended just above the primary mirror.

The wavefront error results should then be compared with the simultaneous mosaic image FWHM and amplitude data from the near centre and corners of the mosaic, the secondary mirror hexapod adjusted and the next iteration performed. Image fusion from several sensors is presently a very active topic and much information on using such techniques can be found in the appropriate literature.

7 Future Secondary Automation

Future secondary automation will automate of the above processes under control of the SkyMapper scheduler computer. Automated secondary alignment will be performed during evening twilight soon after sky flats have been acquired. This automated sequence will:

Insert a suitable SkyMapper Imager filter

Set the telescope to a suitable S-H star. Take note of telescope altitude angle.

Set both the telescope and S-H focus positions from a look up table that includes telescope temperature predictions.

Insert the S-H calibrator and gather a calibration frame.

Move the S-H to the sky view position and gather sky S-H frame, simultaneously gather CCD mosaic image

Inspect CCD mosaic image and determine image FWHM, simultaneously reduce S-H data and extract at least focus data and if required secondary tip and tilt data.

Pass corrections to secondary mirror hexapod.

Reset telescope pointing

Iterate steps 1 to 6 until desired image quality at mosaic and desired wavefront quality at S-H is reached.

Proceed to SkyMapper Southern Sky Survey or other scheduled observations.

Consult Look up table during the night and adjust focus for temperature, adjust hexapod position for altitude angle.
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