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1. Introduction
The five lenses of the Dark Energy Survey Instrument Corrector Camera require mounting into their respective lens cells and then into the barrel of the camera. The lenses in the camera have to be mounted and held to a high precision and maintain this position over a wide temperature range (-5 to 40oC) and differing gravity vector. The lenses have to be both axial (along the axis of the optics), and radial supported. 
The tolerances on the positioning of the lenses is given in the following tables.
	Lens
	Decentre Tolerance (μm)
	Tilt Tolerance (arcsec)

	C1
	130
	10

	C2
	70
	17

	C3
	110
	20

	Filter
	500
	200

	C4
	100
	20

	C5
	190
	20


Table 1. Decenter and alignment tolerance

	Lens Pair
	Separation

Tolerance (μm)

	C1-C2
	50

	C2-C3
	50

	C3-C4
	50

	C4-C5
	50


Table 2. Lens separation tolerances
2. Lens Mounting in the cell
There are several options for lens mounting. A well known and used techniques is an elastomeric mount where the lens is bonded to the lens cell with an RTV (room temperature vulcanized) rubber. RTV rubbers have much higher CTE values, with common materials ranging from 200 to 300 PPM/C (Dow-Corning Sylgard 184, GE 566).  RTV rubbers are essentially incompressible, and exhibit varying effective stiffness and CTE, depending on boundary conditions (constrained and free surfaces determine where the rubber can expand under load).

With a suitable choice of elastomer thickness and shape such mounts can be made essentially athermal in design (there is little induced stress in the components with temperature change). This is a solution that has been adopted by several of the current large wide field correctors on the CFHT, LBT and MMT. Elastomeric mounts have a long history in aerospace applications, where they also provide isolation against mechanical shock, as well as an integral air-tight seal between the lens and cell
One of the simplest, but maybe not the easiest to implement, realisations of this mounting method is a continuous RTV ring, i.e. a continuous rim of soft elastomer around the lens edge. This is not isostatic, but it ensures that the stresses are minimized. This is a solution used by the MEGAM WFC on the CFHT. The RTV can be injected through holes in the lens cell into the gap between the lens and lens cell. It is proposed to inject the RTV using a large adhesive dispenser capable of holding the desired amount to fill the gap between the lens and the cell. Setting times for RTV vary from a few minutes for two part mixture systems and up to 24 hours for single mixture moisture cure systems. Great care must be taken to ensure that no RVT is deposited onto the Sol-Gel surface. 
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Figure 1. mounting of the CFHT MEGACAM optics. The red substance shown is the RTV compound. The RTV ring provides both radial and axial support.
An alternative method is to use discrete pads of RTV for both radial and axial support. This has an advantage that the pads can be manufactured to a high dimensional accuracy before mounting. This is a method that has been adopted by both the MMT and LBT WFCs. The MMT uses a set of 24 radial and axial pads of RTV560 whilst the LBT uses 24 pads to give radial support. The pads can applied to the lens through holes in the lens cell and then attached to the cell with a support bracket. The pads themselves can be either glued to the lens with a thin layer of RTV or just pressed against the lens (the RTV will exhibit different properties for each case). RTV pads can be made by casting in PTFE mounds.
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Figure 2. Schematic of the lens mounting method used by the MMT WFC 
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3. Lens cell material

The lens cell provides the interface between the lens and the barrel of the wide field corrector. Again thermal stability is a key issue in its design. Ideally the lens cell would be made of the same material as the barrel so that the expansion and contraction with temperature change is matched. The choice of the barrel material is based on cost, ease of production and weight. In the DES case the preferred choice of barrel material is steel.  However steel has a large coefficient of temperature expansion CTE of 12 ppm, which is greatly different from that of the lens material of fused silica, which has a CTE of 0.5 ppm. Thus for  a strictly athermal lens and cell design in the case of DES this might require a thick layer of RTV (~9mm) to compensate for the difference in CTE, though a thinner layer could be used as long as the thermal stresses stayed with certain allowances (the MMT projects quotes allowing stresses of 3.4x106Nm-2. The MEGACAM WFC optics use stainless steel for lens cell material, but it is to be noted that the glass used in this system (BSL7-Y) has a CTE of ~7ppm and hence a relatively thin layer of RTV can be used. 

Invar is an alternative material for the mirror cell. This has a low CTE (1ppm) and more closely matches the Fused Silica CTE. Hence a thin layer of RTV is required for an athermal design. However there will be a mismatch between the cell and the barrel if the barrel is made of steel. To overcome this, a series of thin flexures can be used to connect the lens cell to the barrel. These flexures can then compensate for the differential expansion. Invar is a more expensive material and the production of the large cells required is a possible problem.
At present no final choice has been decided for the DES baseline design. 
4. Lens Mounting Procedure  
The assembly process is accomplished with the use of a large rotary table. This needs to be in the region of 750mm to 1 meter in diameter and capable of taking a two tonne load. The run out of the turn table should not be more than a few microns. A large base plate will have to be mounted to enable attachment of fixtures.

Figure 3 shows a schematic layout of the alignment setup for lens C1 (It does not show any detail of the lens load spreaders or clamps etc). Large U-channel sections of steel shown will support bottle jack type screws and the X and Y push pull adjustment blocks. These will be secured by bolts and positioned around the periphery of the rotary table base plate. The U-channel will allow a space under the optic for the translation stage to move around. 

First, the axial mounting surface of the lens cell is set on tooling on the rotary table, and its mechanical axis is brought concentric and parallel with the rotary table with push screws and precision (dial or digital) indicators.  The rotational symmetry and the tip tilt will be measured using two digital dial gauge indicators mounted on sturdy adjustable stands. The repeatable accuracy of the dial gauge indicators should be better that 1 micron. 
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Figure 3. Schematic of lens and cell alignment set up
Out-of-round errors in the cell radial mounting surface can be averaged and reduced to a minimum. 
Next, the lens is carefully lowered into the cell using a handling fixture and soft slings, and set on temporary axial supports on the rotary table. These axial supports will be load spreaders that are manufactured to conform to the optical surface curvature and have scratch free pads adhered to them (for the sol-gel coated optics the lens will be supported by its edge). An XY translation stage is used to position the lens concentric with the rotary table (and cell) axis.  Wedge errors in the lens can be measured with the indicator, and small errors can be compensated by tilting and/or translating the lens with respect to the cell.  

Rough alignment can be achieved simply by measuring from the translation stage to the rim of the cell or lens. By rotating the rotary table and measuring the run out of the edge of the lens with the dial gauge indicator, adjustment to the lenses position can be made using the translation stage and the bottle jacks. This is an iterative process that may require some practice to achieve the accuracy required. Once one part is aligned then the other can be lowered in place, clocked and then adjusted to its correct position. So that there is no glass to metal contact PTFE spacers should be placed on the retaining lip of the cell. The spacers can be removed after potting. The alignment between the lens and cell should be rechecked before potting. 

Safety and handling 

All due care and attention must be taken when moving the lenses. The lens material, fused silica is very hard but because it is formed by a deposition process, it does have a tendency to chip very readily along the layers. The lenses must never be allowed to contact any hard surface or point as this will result in damage. Handling fixture with neoprene buffers will be required for lifting and moving the lenses. When the lenses are potted into their cells then the cells can be used as the handling fixture. Suitable holes will have to be made in the outer flange of the cell to allow for bow or eye shackles to be mounted and lifting slings attached. Each lens is to be made approximately 30mm over size. This extra edge material can be safely used to support and handle the optic.

Fixtures made of stainless or aluminium strip will have to be constructed for each diameter lens. The fixtures must have trunnions to allow the optic to be lifted and rotated about its centre line. Some of the lens will require fingers around the handling fixture that will allow the optic to be lowered into the cell. The fingers must be sufficiently thin but strong enough to safely hold the optical and be removable from the space between the optic and the cell. The lifting bands will all so be used in conjunction with the hoist to hold the lens in position if the Sol-Gel coat is found to be fragile. 

Six of the ten lens surfaces will have a Sol-Gel anti-reflection coating; the other three surfaces will have a hard broad band anti-reflection coating. Sol-gel is relatively soft and must not be subject to any abrasion. It can be cleaned but any damage to it can not be repaired. 
Continuous RTV ring bonding method
Depending on the type are RTV selected it may require degassing before it is injected in to void between the cell and lens. This can be achieved using a small vacuum pump and chamber. Once the cell and lens are both ideally positioned, temporary casting dams for the RTV are put in place. Finally, the RTV is mixed, de-gassed, and loaded into a pneumatic adhesive dispensing system. The adhesive dispenser is used to pump controlled amounts of the RTV into the gap between the lens and cell.  Multiple castings of RTV may be necessary for deep axial bonds (ie, as with C2), in order to avoid radial stress in the lens as the RTV shrinks during curing.  The RTV is allowed to set for 24-72 hours, and then the lens/cell unit can be removed from the assembly tooling.  When complete, the lens/cell unit has a coincident optical/mechanical axis, and orthogonal radial and axial mounting surfaces, which are used to locate precisely the assembly in the barrel. Appendix A gives a step by step guide to the alignment process using this method and also an alternative process using RTV pads.
Dismantling - reassembly
It is proposed that permanent fiducial marks (doweled pegs) be made in every mechanical component to ensure that if the corrector is dismantled it can be reassembled in the same orientation and high position repeatability. 
5 Alignment of Lenses and cells in barrel

There are several alignment techniques that could be used to align the cell mounted lenses into the barrel. Here we discuss the possible techniques and the implementation. For each of the method considerations will have to be given to applying weights to the body of the barrel to avoid distortion of the barrel when the fist lens and cell is mated with it.

Control of the lens spacing in each case would be by physical measurement and the use of accurately machined spacers between the lens cells and barrel flanges to adjust the distances.
Mechanical alignment

One option is to base the alignment on the precision milling of the barrel elements. The crucial elements would be the parallelism to each other of the barrel flanges to which the lens cells are mounted and the accurate centering of the lens cells along a common axis of the barrel. This would put very tight tolerances on the barrel and lens cell manufacture. 
A variation of this is that the barrel and lens cells (without the lenses in place) would be accurately aligned using a rotary table and digital dial gauge indicator. When the lens cells had each been centred (using the inner diameter as a reference surface), doweled pegs could be inserted to produce accurate repeatable positioning. The lens cells would then be removed from the barrel and the lenses mounted in the lens cells and then inserted back into the barrel and bolted down.
Another alternative is to mount the lens in the cells and then actively align the lenses using a similar method as mentioned above (rotary table +digital gauge indicator). The lenses would be aligned by screws attached to the barrel that would provide an X-Y movement of the cell. The cells would then be bolted down then dowels inserted for the accurate reassembly if required. A difficulty in this approach is the requirement of access to reference surfaces within the barrel. Also as the lenses are in place care would have to be taken to control any detritus produced by the drilling process for the dowels. This can be done by enclosing the immediate area around the hole to be work and with the use of a vacuum cleaner. 
Optical Alignment

A different approach is to mount the lens in the cells and then align the lenses in the barrel using an optical test utilising a laser beam and rotary table. This is a similar method as used when aligning the prime focus cameras for the Large Binocular Telescope.

As each element is mounted into the barrel the alignment is checked using a laser beam as the optical fiducial. Figure 4 shows a schematic layout of lenses C2, C3 and C4 being tested using this method and figure 5 shows the LBC system being aligned using this method. The two CCD cameras will be used to detect any miss-alignment of the optics with the barrel as the system is rotated about its centre. The system is first aligned using a return mirror which is adjusted until it is auto collimated without any of the corrector lenses in place. A return mirror replacing the lower CCD camera mirror will be set at the centre of rotation on the rotary table to enable this. Various steering optics will also be used to align the beam. Each element will be set into the barrel and checked for tip, tilt and de-centre mechanically and optically. 
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Figure 4. Schematic showing alignment of elements C2, C3 and C4 
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Figure 5 Alignment arrangement for the LBC system 
Using this optical arrangement it is also possible to test for lens alignment using the interference fringes generated by pairs of surfaces. If the laser pencil beam is widened then each lens can produce Newton rings interference patterns and the shape and position of the rings used as a diagnostic of the position of the lens optical axis.  


Figure 6. Newton rings due to the interference between the two beams reflected at the air/glass (top) and glass/air (bottom) interfaces. Each back propagated beam may be associated to a point source. 
6 Conclusion
This document has set out a method of aligning the optics to their respective cells using RTV and described a method of aligning the optics with the barrel assembly. No hard and fast decision has been taken on the final mounting and alignment method. Detailed feedback from mechanical manufacturers is currently being sought and detailed FEA modelling is ongoing. It also envisaged that experimental testing will be undertaken to investigate and refine the various mounting options.

It may also be prudent to thermally cycle the entire optic system after alignment, at temperatures equivalent to that expected at the telescope and optically test across the thermal range.

Appendix A

Step Guide to alignment procedure 

1. Continuous RTV ringpotting of the lens and the cell

1. Mount rotary table on to a large optical table and bolt in place

2. Mount circular base plate to rotary table

3. Mount digital dial gauge indicator (DDGI)

4. Check that plate runs true to rotary table and bolt in position

5. Mount translation table

6. Mount adjustment screws and clamps

7. Mount U channel supports

8. Mount bottle jacks (distribution to suit lens)

9. Mount support pads

10. Adjust bottle jacks to suit lens shape (concave or convex)

11. Lift cell into position using the hoist

12. Lower down on to base plate of rotary table

13. Roughly set on centre

14. Attach handling fixture to lens

15. Lift lens on to support pads using the hoist

16. Centre by eye

17. Lower lens into place on pads

18. Adjust screw jacks to support lens fully

19. Clock outer diameter and top surface of lens for run out 

20. Adjust translation stage and screw jacks to align the lens true.

21. Compensate for any wedge angle of the lens using the screw jacks

22. Tighten clamping screws on translation table

23. Raise the cell using the hoist so that the screw jacks can be inserted

24. Insert cell adjustment blocks and screws under cell

25. Insert PTFE spacers

26. Adjust for height using screw jacks

27. Clock diameter and flange surface for run out

28. Adjust for true using screw jacks and side screws 

29. Tighten clamping screws

30. Recheck lens and cell for true

31. Inject RTV

32. Leave to cure.

33. Check for true

34. Release clamps

35. Demount cell and lens

36. Attach earthquake retainers

37. Carefully remove PTFE spacers

38. Inject RTV into void left by spacers

39. Repeat for next lens and cell combination.

2. Discrete RTV pad alignment for the lens and the cell

Single element step by step guide
1. Mount rotary table on to a large optical table and bolt in place

2. Mount circular base plate to rotary table

3. Mount digital dial gauge indicator (DDGI)

4. Check that plate runs true to rotary table and bolt in position

5. Mount translation table

6. Mount adjustment screws and clamps

7. Mount U channel supports

8. Mount bottle jacks (distribution to suit lens)

9. Mount support pads

10. Adjust bottle jacks to suit lens shape (concave or convex)

11. Lift cell into position using the hoist

12. Lower down on to base plate of rotary table

13. Roughly set on centre

14. Adhere RTV pads to support lip of cell

15. Attach handling fixture to lens

16. Lift lens on to support pads using the hoist

17. Centre by eye

18. Lower lens into place on pads

19. Adjust screw jacks to support lens fully

20. Clock outer diameter and top surface of lens for run out 

21. Adjust translation stage and screw jacks to align the lens true.

22. Compensate for any wedge angle of the lens using the screw jacks

23. Tighten clamping screws on translation table

24. Raise the cell using the hoist so that the screw jacks can be inserted

25. Insert cell adjustment blocks and screws under cell

26. Adjust for height using screw jacks

27. Clock diameter and flange surface for run out

28. Adjust for true using screw jacks and side screws 

29. Tighten clamping screws

30. Recheck lens and cell for true

31. Insert RTV faced blocks

32. Tighten down opposite radial pairs of TRV faced blocks

33. Check for true

34. Release clamps

35. Demount cell and lens

36. Attach earthquake retainers
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