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1 Purpose

This document details the interface between the SkyMapper Cassegrain Imager and the EOS SkyMapper 1.3m telescope from the Imager perspective. From the outset this document explores the all important alignment between the SkyMapper CCD mosaic and the telescope focal plane.
2 Applicable Documents

	Document ID
	Source
	Title

	SkyMapper Cassegrain Imager Assembly
	/merger//active-desig/SkyMapper Telescope/SkyMapper Cassegrain Imager Assembly,
	CAD Image of Imager Instrument and related technical specifications.

	EOS SkyMapper 
Design Note D07591-01
	/merger//active-desig/SkyMapper Telescope/EOS Telescope documents
	Optical Components 

Alignment Maintenance Targets`

	EOST 
	/merger//active-desig/SkyMapper Telescope/EOS Telescope documents
	Telescope to Instrument ICD 

ICD ****-1


3 Cassegrain Imager Mosaic Flatness and Parallelism.
3.1 Achievable Mosaic Flatness
Our CCD supplier E2V limited will adjust spacers on each of the 32 CCD’s in the SkyMapper mosaic such that when mounted on the Invar carrier plate the CCD pixels will lie between two planes separated by 0.020mm. This would suggest that we could assemble a 32 CCD mosaic from precision components where the final flatness should approach 0.020mm. The very similar CFHT Megacam mosaic used this precision assembly approach and Figure 1; Shows test measurements warm and cold for their mosaic. Based on these values it is likely that the SkyMapper mosaic will have similar random, lumpy, deviations and the assembled SkyMapper mosaic pixels will lie between two planes separated by 0.032mm.
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Figure 1: CFHT Megacam mosaic flatness.

There will be an addition deviation from flatness due to flexure of the 11mm thick Invar carrier plate that carries the CCD’s. Some FEA analysis shown in Figure 2; shows that the maximum flexure of the loaded plate occurs at the zenith and that this flexure is approximately 0.008mm. While this value is tractable the mosaic deviations are not and these two values will probably add by Root Sum Squared and it is likely that all of the pixels in the mosaic lie between two planes separated by 0.034mm for the zenith position. FEA analysis of the loaded plate with the telescope on the horizon showed lower deviations.
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Figure 2: Mosaic carrier plate flexure.

3.2 Achievable Mosaic to Rotator Parallelism.
The Imager mosaic can and should be adjusted such that is parallel as possible to the plane of action of the bearing in the EOS instrument rotator. This parallelism is essential because the instrument rotates with respect to the stationary and co-planar telescope optical focal plane. 
Ideally rotator parallelism measurements should begin in Tucson USA as soon as the EOST instrument rotator is complete. To adjust the Imager mosaic we at RSAA require a table of run-out versus rotation (Azimuth) positions between the rotator bearing and the instrument mounting face. This can be fairly easily accomplished at EOST by placing the rotator telescope side down on a surface plate, mounting a dial indicator on the surface plate, marking one point on the rotator mounting face and motor driving the rotator. The run-out of the telescope side of the rotator should also be measured during this procedure. Figure 3; Shows the position of the rotator bearing plane of action inside the EOS instrument rotator.
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Figure 3: EOS Instrument Rotator.

At RSAA the run-out values from EOS Tucson will be added to a CAD model with note taken of assembly azimuth and a set of four alignment measurements generated. In the RSAA workshop the Imager superstructure and Vacuum jacket minus the VJ window and CCD’s will be assembled, a granite straight edge placed across the instrument mounting plate, and the distance between the straight edge and four precision ground pads on the Invar carrier plate measured, again note will be taken of the assembly azimuth. The mosaic will then be tip-tilted with the aid of shims under the mosaic safety catches and the Titanium trusses freed and then tightened to ultimately support the mosaic carrier plate in the required position. Figure 4; Shows the location of the three principal surfaces, the imager mounting face to mosaic distance is nominally 333mm and the rotator bearing plane to mosaic is nominally 378.03mm.
Achievable tolerances for this alignment procedure are perhaps +&- 0.01mm for both the rotator run-out measurement and the Imager mounting plate to mosaic measurement. Both of these values were added to the achievable mosaic flatness and the RSS value calculated. The resulting achievable RSS parallelism, mosaic to rotator bearing is ~0.044mm.
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Figure 4: Alignment plane locations.

When the telescope is slewed from zenith to horizon FEA analysis shows the changing gravity vector flattens the mosaic and it appears to deflect parallel to the Imager mounting face and distance from mosaic to instrument rotator mounting face shrinks by ~0.006mm. The bearing in the EOS rotator may rotate slightly under the overhung moment of the Imager tilting it with respect to the bearing plane, the value of this rotation is not yet known but we may be able to compensate for it by slightly re-aligning the telescope with the secondary hexapod, this value would vary with telescope altitude angle and would be incorporated into the hexapod look-up table. Figure 5; diagrammatically shows the focus errors that would occur if the mosaic was tilted to meet a tilted optical focal plane, and then rotated about the rotator bearing plane.  
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Figure 5: Tilt errors due to Imager rotation.
It is possible to shim between the Imager vacuum jacket and Imager superstructure to correct small errors in mosaic to rotator bearing parallelism while the Imager is mounted on the telescope. It is theoretically possible to shim between the top of the Instrument rotator and the telescope Cassegrain frame to correct small errors between the optical axis and the rotator bearing plane but it would be difficult to clamp the rotator top plate flat and we would risk jamming the rotator bearing.
3.3 Mechanical Interface to Rotator

The Imager mechanical interface to the EOS rotator is via a circular plate 650mm in diameter and 17mm thick. This plate carries 12 equi-spaced mounting holes drilled 11mm diameter for M10 screws on a 630mm PCD. The EOS rotator carries a 2mm deep register and ideally this should be machined for H7 - g6 fit and the register should be between 650.00 & 650.08mm in diameter. The Imager carrier plate will actually lie between 649.926 & 649.976mm diameter and an azimuth assembly mark will be engraved on its edge.
Note or EOS: Could we change the imperial instrument mounting screws in the instrument rotator to M10? Could we change the 2mm deep instrument alignment register to 650mm H7 fit? 

4 Imager to Telescope Alignment.
4.1 Telescope Superstructure Alignment
The following two sections are a possible description of the entire telescope alignment from the Imager perspective. This procedure is intended to minimize mount model corrections (Alt, Az, Rot) by aligning the major axes as near to square and vertical as is possible and to accurately square the optical axis to the instrument rotator bearing plane. Refer dot points to Figure 6;
1. Place telescope base assembly on concrete pier, level top surface of azimuth bearing (Perhaps with Talyvel) by adjustment of pier anchors, grout base to pier

2. Mount telescope yoke, level altitude axis via bearing housing adjustment.
3. Pin lock telescope at zenith and level instrument rotator mounting face. Now level the instrument rotator mounting face, perhaps by shimming the lower truss to centre section interface. 

4. Independently measure run out of instrument rotator top face to bearing rotator plane, perhaps at EOST. Now mount instrument rotator to marked azimuth and shim to make bearing plane parallel to rotator mounting face, perhaps by adjusting shim stack to lower truss. (i.e. combine with 3)

Figure 6: Possible Telescope Alignment Sequence

4.2 Telescope to Imager Optical Alignment
1. Mount alignment telescope on rotator pointing upwards to secondary and rotate instrument rotator, measure run-out of alignment telescope with dial indicator and iteratively centre alignment telescope to rotator axis. Point alignment telescope at target mounted in the middle of the secondary mirror and rotate rotator and tip and tilt alignment telescope to null and properly square alignment telescope to rotator bearing plane. Walk secondary sideways on hexapod if necessary. Achievable accuracy for this adjustment ~+&- 0.025mm. Ray tracing in Zemax has proven that we can sight through the corrector optics and see the secondary target.
2. Now align entire large corrector optics tube to (fixed) alignment telescope in both x&y and tip tilt by sighting small marks at centre of all three corrector elements. This will require that we reach over the primary mirror and down into the annulus between the mirror and corrector carrier tube, and a suitable primary mirror cover will needs to be constructed for this. Achievable accuracy for this adjustment ~+&- 0.025mm. (See Taylor Hobson manual) See 4.3.3 re access to corrector optics adjustment. Ray tracing in Zemax has proven that we can sight partly through the corrector optics and see the etched targets on each of the lenses.
3. Align secondary mirror to (fixed) alignment telescope by walking the secondary mirror sideways on its hexapod mount, centre alignment target in centre of secondary mirror. Achievable accuracy for this adjustment ~+&- 0.025mm. (See Taylor Hobson manual)
4. Auto-reflect off mirror target in centre of primary mirror and align secondary in tip-tilt to the (fixed) alignment telescope. Achievable accuracy for this adjustment ~+&- 0.025mm. (See Taylor Hobson manual) Sighting distance alignment telescope to secondary target ~2300mm. Minimum achievable tilt error 0.0012º or 4.48”. This error will be largely limited by tilt jitter in the rotator bearing and will probably be larger than this value. Note that the accuracy of optical alignment methods is well in excess of our requirements of 0.008º across the mosaic diagonal.
5. EOS telescope alignment procedures mentions using alignment marks on the primary mirror to centre the primary. The field of view of a Taylor Hobson alignment telescope at the rotator to secondary distance of 2.3m is ~61mm. The hole in the SkyMapper secondary is ~180mm and we will not be able to sight to any part of the primary with the alignment telescope from the flat mirror in the centre of the secondary mirror. It is however possible to sight etched marks on the inner edge of the primary mirror off the curved secondary mirror and Zemax ray tracing has shown that these images will be clear enough to allow centering of the primary to the necessary 0.07mm. Further Zemax ray tracing has shown that etched marks on the outer edge of the primary mirror can be seen but the images are poorer. It will be necessary to tilt and rotate the alignment telescope to see the primary alignment marks as shown in Figure 7; this requires a large tilt of the alignment telescope and is out of reach of the normal Taylor Hobson alignment mount but wedge plate will make this alignment possible.
6. Mount EOS Shack Hartmann system on instrument rotator, or use the S-H system in the Imager. Now in fair seeing conditions, point telescope at suitable star reasonably close to zenith, take S-H images, reduce data and iteratively align telescope primary mirror in tip, tilt and x&y. This should co-align the primary hyperbolic axis to the secondary and corrector optical axis. The telescope optical axis should now be square to the rotator bearing plane. See dot point 7.
7. Moving the primary mirror in x&y and tip-tilt will carry the corrector optics tube along with the primary. Tolerances on the alignment of the corrector optics tube are 2 to 3 times larger than those for the primary mirror, but if the primary adjustments are large then it may be necessary to iterate back to point 1. See 4.3 re ideal telescope modificatios.

Figure 7: Tilt and rotate alignment of telescope primary.

4.3 Ideal Telescope Design Modifications
1. The primary x&y adjustment screws are not accessible when the rotator, Imager or corrector optics are in place. Sensible design modifications for the primary mirror support adjustment would be to relocate the central flex plate functions to the space just below the mirror and replace the x&y adjustment screws with centering screws near the tip tilt jacks such that these were accessible between the mirror and the Cassegrain ring frame and remove the downward tubular extension of the mirror support structure. This would allow the corrector optics to be mounted directly to the Cassegrain ring frame. The adjustment system of the corrector tube could then be directly accessible, the corrector could be aligned before the primary mirror is placed on the Cassegrain ring frame. Once the corrector is aligned the primary mirror could be placed in position over the corrector, the secondary and truss installed and the secondary and then the primary aligned.
2. These modifications would allow the primary to be checked and aligned at any time with the Cassegrain Imager in position on the instrument rotator and using the permanently mounted S-H System on the Imager. 
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Figure 8: Ideal primary mirror alignment system modifications.
5 Mosaic Tilt due to Instrument Rotator Flexure

In addition to mosaic flatness, flexure and alignment there will be an additional tilt across the mosaic as the telescope moves from zenith to horizon. FEA analysis of the imager superstructure and vacuum jacket showed that tilt flexure was ~0.006mm across the mosaic and this is probably submerged in the mosaic surface roughness. The tilt flexure for the instrument rotator is however much larger. The 19 mm thick steel top plate caries the entire 789Nm moment of the cantilevered rotator plus Cassegrain Imager and FEA analysis showed the tilt angle for the telescope on the horizon was 3.25e-5 Radians, Figure 9 shows this analysis. 
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Figure 9: Instrument rotator carrier plate flexure.
Large addition flexure is added via tilt of axis in the rotator bearing. A graph at the Kayon Bearing www site at www.kaydonbearings.com showed that the tilt of axis for a KH-275E bearing under a moment of 789Nm was 1.1e-4 Radians. Both this and the rotator carrier plate flexure are tractable and sum directly. When these tilt errors and the total mosaic roughness and alignment errors are directly summed then the worst case mosaic tilt across the optical focal plane was 2.62e-4 Radians or 0.097mm across the 369mm mosaic diagonal.
This value is about twice the allowable 0.053mm value shown in the EOS Optical Component Alignment Targets document CI No. DN 0759-01. The spot diagram shown in Figure 10 shows that the telescope performance is out of specification at a total tilt of 0.08mm across the diagonal.
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Figure 10: Spot diagram for 0.08mm tilt across mosaic.

To look more closely at the depth of field under real conditions the optical focal plane was tilted in Zemax by 2.62e-4 Radians and Huygens point spread plots for five points across the tilted field were computed. These were converted to .fits images and convolved with ideal 1.1” seeing profiles in the IRAF astronomical program. These profiles show that the Gaussian profiles were degraded from 1,1” to 1.16” for the worst case, telescope in the horizon condition. We conclude that when convolved with likely seeing conditions the telescope has additional depth of field and will perform to science requirements. shows one of the Huygens point spread functions and a graph through on of the convolved images, the resulting shape is Gaussian.
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