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I. Equipment 

1). Brunson M83 alignment telescope with 150 watt fiber optic light source and tilt and translation 
mount.   

Angular sensitivity of telescope: 1 arcsecond.   
Linear sensitivity of telescope: 12 µm for distances less than 2.5 meters.  1 arcsecond 
beyond 2.5 meters. 

2). Dover air bearing spindle. 
Runout: <2 µm 

3). Nikon measuring microscope with Pulnix camera (9 µm pixels). 
3). Autocollimation pinhole fixture (custom). 
4). Test flat and holder. 
5). Gage bars and 2 µm resolution indicator. 
6). 12-inch Schmidt-Cassegrain collimator with 10 µm pinhole, filters, and fiber optic illumination 
source. 

 
 
II. Procedures 
The procedures below account for the mechanical tolerances in the assembly.  The procedures compensate 
for any residual wedge or, equivalently, decenter of the spherical optical elements.  As a result, the 
cumulative accuracies shown for the optical elements are the accuracies that result in the final assembly for 
vertex placement and tilt. 
 
 

Element Alignment 
Measurement 

Resolution 
(3 sigma) 

Placement 
Accuracy1 

(3 sigma) 

Cumulative 
Accuracy1 
(3 sigma) 

1). Locate Cell On Spindle:  Center cell seat on air bearing 
spindle.  Measurement made by indicator with 2 µm resolution. 

2 µm radial 
position 

8 µm radial 
position 

 

2). Locate First Element on Seat:  Place optical element on cell 
seat.  Position and focus alignment telescope so that  reflection of 
objective target may be observed from nearest surface of element.  
Rotate element on air bearing spindle and observe motion of 
reflected target image in telescope eyepiece.  Adjust tilt of 
element to minimize motion of the target image.  Bond element 
in place. 

1 arcsec. tilt 15 arcsec. tilt 
 

<3 µm radial 
position2, 

 
3 µm axial 
position for 

multiplet 
elements3 

15 arcsec. tilt 
 

8.5 µm radial 
position 

 
3 µm axial 

position 
 

Values are 
cumulative with 
those of step 1. 

3). Complete a Multiplet Cell: Place following element with 
inter-element shims on preceding element and repeat alignment 
procedure in step 2. 

 15 arcsec. tilt 
 

<3 µm radial 
position2, 

15 arcsec. tilt 
 

<3 µm radial 
position 



 
3 µm axial 
position for 

multiplet 
elements3 

 
3 µm axial 
position for 

multiplet 
elements3 

 
Cell-to-Cell Alignment 

 

   

1). Locate Alignment Telescope Relative to Optics in First Cell:  
Place first cell on flat surface.  Position alignment telescope so 
that the reflection of the objective target may be observed from 
the vertex of the first and last surfaces in the cell.  While focusing 
the telescope alternately on the first and last vertices, position the 
telescope so that the reflected images are coincident. 

1 arcsec. tilt 
 

12 µm radial 
position 

15 arcsec. tilt 
 

25 µm radial 
position4 

 

2). Locate Following Cell: Without moving the alignment 
telescope or the preceding cell, stack spacer and next cell on 
preceding cell.  Position current cell so that target reflections 
from first and last surfaces are as nearly coincident as possible.  
Bolt cell in place. 

1 arcsec. tilt 
 

12 µm radial 
position 

30 arcsec. tilt 
 

25 µm radial 
position 

 
25 µm axial 

position6 

33.5 arcsec. tilt 
 

35.4 µm radial 
position 

 
25 µm axial 

position6 

 
Values are 

cumulative with 
those of step 1. 

3). Complete a Subassembly: Repeat step 2 as needed to 
complete a subassembly. 
 

   

 
Collimator Section Alignment 

 

   

1). Align Alignment Telescope to Collimator Barrel: Place 
collimator barrel on bench in fixed position.  Align alignment 
telescope to collimator from the rear by alternately focusing on 
the first and last surfaces.  Adjust the alignment telescope until 
the images of the reflection target from the first and last surfaces 
are coincident. 

1 arcsec. tilt 
 

12µm radial 
position 

15 arcsec. tilt 
 

25 µm radial 
position 

 

2). Align Field Lens: Place field lens in position ahead of 
collimator barrel.  Center and tilt the field lens until the images of 
the reflection target from the first and last surfaces of the field 
lens are coincident in the telescope eyepiece. 

1 arcsec. tilt 
 

12µm radial 
position 

5 arcsec. tilt 
 

25 µm radial 
position 

15.8 arcsec. tilt 
 

35.4 µm radial 
position 

 
Values are 

cumulative with 
those of step 1. 

3). Set Field Lens Spacing: Set spacing between field lens and 
collimator with 2 µm resolution indicator on gage bar8. 
 

2 µm axial 
position 

16 µm axial 
position 

16 µm axial 
position 

4). Align Collimator Doublet: Place collimator doublet on bench 
in approximate correct position.  Center and tilt the doublet until 
the images of the reflection target from the first and last surfaces 
of the doublet are coincident in the telescope eyepiece. 

1 arcsec. tilt 
 

12µm radial 
position 

5 arcsec. tilt 
 

25 µm radial 
position 

15.8 arcsec. tilt 
 

35.4 µm radial 
position 

 
Values are 

cumulative with 
those of step 1. 

5). Align Measuring Microscope at Field Lens: Place Nikon 
measuring microscope ahead of field lens.  Using alignment 
telescope to observe the microscope objective, center the 
microscope and align its axis of travel with the telescope (and 
consequently with collimator optical axis). 

12 µm radial 
position 

25 µm radial 
position 

 



6). Establish Position of Autocollimation Pinhole at Collimator 
Back Focus: With the 10x objective in place, focus the 
microscope on the vertex of the field lens.  Move the microscope 
away from the vertex by the amount of the back focus of the 
system.  Place the autocollimation pinhole at the focus of the 
microscope. 

6 µm axial 
position 

12 µm axial 
position 

12 µm axial 
position 

7). Adjust Collimator Doublet Spacing in Autocollimation: Place 
the test flat behind the collimator doublet.  Illuminate the 
autocollimation pinhole with the fiber optic source. Tilt the test 
flat until the returned spot appears through the window in the 
pinhole fixture.  Observe the returned spot with the measuring 
microscope.  Adjust the spacing of the collimator doublet for best 
focus of the returned spot. 

6 µm axial 
position 

12 µm axial 
position 

12 µm axial 
position 

 
Collimator Testing 

 

   

1). Align Alignment Telescope with Collimator in Reverse:  
Place the alignment telescope at the rear of the collimator and 
align it with the front and rear vertices of the collimator system.  
That is, tilt and translate the telescope until the return reflections 
from the front and rear vertices are coincident. 

1 arcsec. tilt 
 

12µm radial 
position 

15 arcsec. tilt 
 

25 µm radial 
position 

 

2). Align Measuring Microscope with the Field Lens: Place 
Nikon measuring microscope ahead of field lens.  Using 
alignment telescope to observe the microscope objective, center 
the microscope and align its axis of travel with the telescope. 

12 µm radial 
position 

25 µm radial 
position 

 

3). Measure Spot Size and Back Focus: Remove the alignment 
telescope.  Place 10 µm pinhole and first visible filter at focus of 
12-inch Schmidt-Cass. collimator.  Introduce  beam from 12-inch 
collimator into PFIS collimator from the back. Align collimator 
so that resulting spot image falls in microscope field of view.  
Focus microscope on spot image.  Measure spot size with 10x 
objective in place on microscope and Pulnix CCD (0.9 µm 
projected pixel size).  Refocus microscope on vertex of field lens 
and the note necessary translation as the back focal distance. 
Confirm that the spot size falls within the 9th decile as predicted 
by Zemax and that the back focal distance falls within ±75 µm of 
the distance predicted by Zemax. 

6 µm axial 
position for back 

focus 
measurement 

 
0.1 µm rms spot 

radius 

12 µm axial 
position for 
back focus 

measurement 
 

0.2 µm rms 
spot radius 

12 µm axial 
position for back 

focus 
measurement 

 
0.2 µm rms spot 

radius 

4). Measure Second Spot Size and Back Focus: Repeat the 
procedure step 3 with the second visible filter installed in the 
collimator. 

   

 
Camera Testing 

 

   

1). Set Camera Focus Position: Set nominal system focus position 
by establishing the spacing from the first to last surface by means 
of a gage bar with 2 µm resolution indicator.  Lock focus 
mechanism in place. 

2 µm axial 
position 

16 µm axial 
position 

 

2). Align Alignment Telescope with Camera: Place camera on 
bench and align alignment telescope to front and rear surfaces.  
That is, tilt and translate the telescope until the return reflections 
from the front and rear vertices are coincident. 

1 arcsec. tilt 
 

12 µm radial 
position 

15 arcsec. tilt 
 

25 µm radial 
position 

 

3). Align Measuring Microscope with Last Camera Element: 
Place measuring microscope near focus position of camera.  
Using alignment telescope, center microscope and align axis of 
travel with alignment  
 

12 µm radial 
position 

25 µm radial 
position 

 

4). Measure Spot Size and Back Focus: Remove alignment 
telescope.  Place 10 µm pinhole and first visible filter at focus of 
12-inch Schmidt-Cass. collimator.  Introduce beam from 12-inch 
collimator into camera and align collimator so that resulting spot 
image falls in microscope field of view.  Focus microscope on 

6 µm axial 
position for back 

focus 
measurement 

 

12 µm axial 
position for 
back focus 

measurement 
 

12 µm axial 
position for back 

focus 
measurement 

 



spot image.  Measure spot size with 10x objective in place on 
microscope and Pulnix CCD (0.9 µm projected pixel size).  
Refocus microscope on vertex of last camera element and note 
necessary translation as the back focal distance.  Confirm that the 
spot size falls within the 9th decile as predicted by Zemax and that 
the back focal distance falls within ±75 µm of the distance 
predicted by Zemax. 

0.1 µm rms spot 
radius 

0.2 µm rms 
spot radius 

0.2 µm rms spot 
radius 

5). Measure Second Spot Size and Back Focus: Repeat procedure 
above with second visible filter in 12-inch collimator. 

   

 
 

Notes: 
1). Placement and cumulative accuracies are relative to preceding elements where applicable.  This is 
consistent with the convention used in Zemax to develop the acceptable tolerance set. 
2). Radial position determined by contact with cell seat or inter-element shim in multiplets. 
3). Axial spacing in multiplets is set by inter-element shims. 
4). Placement accuracy limited by measurement resolution. 
5). Angular position accuracy governed by cell-to-cell spacer. 
6). Axial position accuracy governed by machining accuracy of cell-to-cell spacer.  Necessary spacer 
length determined through noncontacting measurements using coordinate measuring machine (CMM) with 
better than 4µm accuracy. 
7). Adjustment made with fine-pitch screws in element cell. 
8). Gage bar measurements are made to reference surfaces on cells.  Reference surface locations relative to 
element vertices are determined by measurements made with the CMM.   Gage bar measurement accuracy 
includes cumulative accuracies of CMM measurements. 
 


