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1.  Null corrector ZEMAX design. 
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2.  Hologram manufacturing test report. 
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Lick 2.4 m Primary Test Plan 
 

 
1. Null lens calibration. 

 
 

1.1. Test description. 
 

Calibration of the null lens is critical in the determination of the mirror’s surface figure quality 
since any error in the null lens results in an error in figuring the mirror.  If the mirror is figured 
perfectly to an imperfect null lens the mirror will contain errors mirroring the null lens errors: the 
now classic “Hubble” error.  The null lens is designed to eliminate the spherical aberration of the 
primary tested from its center of curvature when tested with the mirror having the correct design 
values of radius and conic constant.  Incorrect mirror parameters will cause errors in the null lens 
measurement as well, due not to the null lens but to the incorrect parameters.  These errors will 
be evaluated separately and the final data corrected.  
 
 The first problem is to correctly calibrate the null lens so that its errors are known and can be 
considered in the measurement process either subtracting them from the test data or, if small, 
adding them to the final estimate of the figure error as part of the error budget.  Calibration 
begins with a good design for the null lens that is shown in Figure 1.  The design is an Offner 
type with the field lens comprised of two lenses.  An earlier design having a single field lens 
resulted in a null lens that produced a bad ghost image and splitting the lens using two plano-
convex lenses completely eliminated any ghost reflections except inside the central obscuration.   
This design has a residual wavefront error of 6.8 nm rms. 
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Figure 1.  The Offner null lens design for the primary mirror. 
 
 

The lenses were fabricated to high quality and installed in a special cell mounted on a 3-axis 
stage in front of the interferometer as shown in Figure 2.  Final alignment and calibration of the 
lens is performed using a computer-generated hologram designed to be placed at the paraxial 
focus of the null lens.  An ideal CGH would return a wavefront that matches that of a perfect 
primary mirror.  Any measured errors in the wavefront would be due to limitations in the null 
lens.  These errors can then be calibrated out of the data from the mirror measurement.  As the 
CGH is not perfect, errors in the CGH will then limit the accuracy of the final test.  These errors 
are much smaller than the errors from the null lens.  The parameters for the CGH are shown in 
Table 1 and a summary of the analysis of the CGH accuracy is shown in Table 2.  The analysis 
shows that the uncertainty in the mirror’s surface figure due to the CGH calibration is 6.2 nm 
rms.  
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Figure 2.  General schematic of the primary mirror test setup in the 8-m tower. 
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Table 1.  The design parameters for the CGH. 
 
 

 
 

Table 2.  The estimated errors due to the CGH. 
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1.2. Calibration procedure. 
 
The procedure we use to perform an in-situ calibration of the null lens with the CGH is as 
follows: 
 

1. Make sure the mirror is covered before performing this calibration. 
 

2. Unscrew the retaining ring at the rear of the fold flat #1 mount and carefully remove the 
fold flat. 

 
3. Carefully insert the hologram into the mount with the hologram facing the null lens.   The 

hologram’s rear surface has been marked with 8 marks 45 degrees apart to allow for 
orienting the hologram in the test.  Rotate the hologram so that it’s 0 deg mark is lined up 
with the mount’s index mark that is scribed at the top rear surface of the mount.. Replace 
the retaining ring and tighten just to very lightly touch the hologram.  Back the ring off 
about 1/12 turn. 

 
4. Loosen the bolt at the base of the mount and rotate the mount so that it is perpendicular to 

the null lens axis.  The paraxial focus of the null lens should be very close to the center of 
the hologram. 

 
5. Adjust the hologram in tilt and decenter to null the fringes from the hologram. 

 
6. Adjust the source position and the null lens position to produce the smallest irregularity 

in the fringes as possible. 
 

7. Load a full aperture phase map from a previous measurement of the primary mirror into 
memory. 

 
8. Move the mask until it is centered on the nulled hologram interferogram. 

 
9. Calibrate the phase shifter voltages using the procedure described in the Intelliwave 

manual for “Calibration of Phase-shifting Device”.  The software will automatically 
calibrate the voltages. 

 
10. Measure the hologram with a wedge of .5 that will produce the same map scale as will 

the measurement of the primary mirror’s surface error. (not wavefront).  Measure 4 times 
and store each map with the file names nullcal01, nullcall02, etc. 

 
11. Rotate the hologram 45 degrees lining up the next mark with the mount mark.   
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12. Repeat the measurement of the hologram after nulling the fringes (do not move the null 
lens or source, only the hologram).  Measure 4 times and store each map with the file 
names nullcal451, nullcal452, etc. 

 
13. Rotate the hologram to the remaining 6 positions and remeasure each 4 times giving the 

file names nullcal(angle)(measurement).  At the end of the process there should be 8x4 
or 32 phase maps of the hologram. 

 
14. Average the 32 maps.  Observe each map before adding to the average to be sure the 

errors all have the sign of the wedge correct i.e., that the highs are high and the lows low.  
If they are not simply invert the map and restore it under the same file name. 

 
15. The resulting phase map is the calibrated average of the null lens.  Fit the map to the 

standard U of A set of Zernike polynomials.  Subtract the two third order coma terms.  
(Tilt and focus have already been subtracted.) 

 
16. Fit the resulting data to the high order Perkin-Elmer set of Zernike polynomials.  Do not 

subtract anything using this set. 
 

17.  Store the resulting map using the file name lick null (date).  For example, if the data was 
taken on September 12, 2006 name the file lick null 091206. 

 
18. This map defines the test optic errors due to the null lens and reference surface.  The 

same mask must be used for all subsequent tests of the mirror.  If the mask is changed in 
size (except by scaling) this calibration must be repeated.  See the test description of the 
mirror for the method of subtracting this data.  The null lens and source must not be 
adjusted for this test to be valid. 
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2. Phase-measurement of the mirror’s surface errors. 
 
2.1 Test description. 
 
Shown in Figure 2 is a schematic of the test depicting the principal components.  The primary 
mirror is being final figured and tested while mounted in the actual telescope cell provided by 
EOST.  The mirror is supported axially at 27 points on invar pads that have been bonded to the 
surface.  The only lateral restraint is through the thin flexure plate holding the mirror laterally at 
three points near the center hole.  No other forces during testing are exerted on the mirror.  The 
cell is clamped to the machine turntable at three of the “feet” at the bottom of the cell.  After 
considerable polishing in this condition the mirror has shown no motion and we consider the 
system to be very stable. 
 
Supported on a platform above the mirror near its center of curvature is the interferometer/null 
lens assembly.  Because of the proximity of the system to the large, unused fold flat that resides 
at the top of the tower the beam has to be folded with three flats to direct the beam down to the 
mirror.  These flats are of 2”, 4” and 16” apertures.  Although they are each of high quality, λ/20 
p-v or better, they are used double pass in the test and can be expected to introduce some 
asymmetric error into the test.  We assume that the symmetric errors other than power will be 
very small.  The spherical aberration error will be estimated from the independent tests of the 
flats and folded into the final test results.  The asymmetric errors will be evaluated and removed 
through multiple mirror rotations.  The null lens errors will be evaluated separately and 
subtracted (see section 1.1). 
 
Intelliwave software will be used for the phase-measurement of the mirror, the same as was done 
for the null lens calibration.  The same algorithm used for the null lens cannot be used for the 
mirror measurement since the vibration level of the mirror is currently large enough to preclude 
the phase-stepping type of algorithm, although we are working on ways to improve this.  Instead, 
we will use Intelliwave’s single frame algorithm that calculates the phase with the use of a 
spatial carrier introduced by putting a specific amount of tilt into the interferogram to assure a 
90-degree phase shift pixel to pixel across the pupil.  Due to the fact that some tilt must be 
introduced into the test to provide the spatial carrier the test is not strictly common-path passing 
through the system.  Some asymmetric errors, though small, can arise due to the fact that the 
beam is not traveling through the null lens quite on axis.  This problem is completely nulled 
when measurements are made with equal and opposite signs of tilt and the two results averaged 
together. This eliminates the asymmetric error arising from the tilt, typically some small amounts 
of high-order coma and astigmatism.  Third-order coma, the largest component, is an alignment 
error in the test and is subtracted from the measurements directly.  The amount of coma in the 
mirror is related to the amount of decenter in the optical axis and will be evaluated as described 
in Section 3. 
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2.2. Test procedure. 
 

1. Align the mirror rotationally to the 0 degree mark on the turntable. 
 

2. Place fiducial set on the mirror surface. 
 

3. Load the null lens reference file lick null (date). 
 

4. Align the pupil mask to the pupil image in the interferometer. 
 

5. Check that the following switches have been set: 
 

a. Measurement method: static fringe, horizontal tilt (fringes vertical). 
b. Wedge of .5 (surface values) 
c. No smoothing of interferogram 
d. No clipping of data 
e. 3x3 median smooth of OPD 
f. No spike clipping 
g. No automatic OPD calculation 
h. Tilt and focus removed 36 term UofA Zernike fit. 
i. Reference subtract on.  (Null lens calibration subtracted.) 
j. Minimum discontinuity method of unwrapping.  (Slow, but high quality)  

 
6. Align the fiducials on the mask with the real surface fiducials. 

 
7. Set the four target fiducials. 

 
8. Switch to Reference mode and align the reference map to the current mask position by 

using the “translate reference” interactive menu. 
 

9. Switch video mode to view wrapped fringes. 
 

10. Align the horizontal tilt to null the wrapped fringes.  Note in the notebook the time, 
orientation of the mirror, the room temperature, and the direction of tilt.  Assign file 
name. 

 
11. Take a set of 5 interferograms. Check that the modulation is above .15 and that the 

average phase is above 80 degrees.  Visually select a clear interferogram from the five 
and select “compute OPD”. 

 
12. Inspect the resulting phase map for continuity and obvious errors.  Check that the wedge 

has the correct sign (through previous measurements of the surface). The subtraction of 
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the reference data set should not clip the pupil.  If it does go back and realign the 
reference data set. If the map looks smooth and continuous then fit the data to the 36 term 
Uof A Zernike set. 

 
13. Select and subtract the two third order coma coefficients. 

 
14. Store the resulting data under the assigned file name keeping time-ordered numerical 

count of the phase maps. 
 

15. Repeat steps 9-13 measuring the mirror a total of 15 times. 
 

16. Go back to video mode and tilt the fringes horizontally to the other side of the wedge and 
null the fringes.  The switch “invert pupil” must be turned on or off to switch the sign of 
the wedge so the phase map has the correct sign.  Make sure that the reference and the 
pupil mask match. 

 
17. Repeat steps 9-13 measuring the mirror a total of 10 times. 

 
18. Rotate the mirror 90 degrees clockwise so the mark on the turntable labeled “90” lines up 

with the reference mark. 
 

19. Realign the mask with the fringes.  If the mask was translated, the reference will need to 
be realigned with the current mask. 

 
20. Null the fringes and reset the “target” fiducials. 

 
21. Switch the video to wrapped phase mode and null the fringes by adjusting the tilt and 

focus of the interferometer. 
 

22. Repeat steps 9-13 measuring the mirror a total of 15 times.  Note in the notebook the 
time, orientation, and direction of tilt.  Assign a file name with “90” for the orientation. 

 
23. Repeat steps 16-17 measuring the mirror a total of 15 times. 

 
24. Repeat steps 18-23 after rotating the mirror to the “180” position. 

 
25. Repeat steps 18-23 after rotating the mirror to the “270” position. 

 
26. Average the results of the four sets of data from each of the 4 mirror orientations and 

store the result with the file name including the orientation.  Record the file names in the 
notebook. 
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27. Check that each of the averaged files has the same sign of the wedge.  If not invert as 
necessary and restore the data. 

 
28. Check that each of the data files shares the same mask with the mask in the identical 

location as the mirror at the initial “0” degree location.  Load and translate the maps as 
necessary to align the maps so they all share the identical map position.  Resave the 
translated maps and record the final file names in the notebook. 

 
29. Average the four data sets and save.  Record the file name in the notebook. 

 
30. Fit the data to the 36 term UofA Zernike data set. 

 
31. Subtract all of the symmetric terms as well as the third order coma terms. 

 
32. Use the theoretical data interactive menus to generate a phase map of the remaining 

asymmetric Zernike terms.  Save the map and record in the notebook.  This map 
represents the non-rotationally symmetric component of the test-optic errors due to the 
three fold flats. 

 
33. Load the map from step 32 into the reference.  Load the four test position averages one at 

a time into surface and subtract the reference.  This subtracts the test optic errors from 
each of the tests.  Make sure that there is no translation error between the surface and 
reference.  Translate the reference as required.  Save each final map with its angle and 
note the names in the notebook. 

 
34. Using the final 0 position map as the target, use the fiducial transformation process to 

rotate each of the final phase maps to the 0 degree position.  These 4 measurements 
should appear nearly identical under perfect measurement conditions.  The 4 maps can be 
averaged to produce a final “best estimate” phase map of the surface. 

 
35. The rms residuals value from the average must be root-sum-squared with the remaining 

uncertainties of the measurement.  These are given in the table below. 
 

Error source Surface rms 
Mirror surface residuals TBD 
Symmetric error of flat 1 2nm 
Symmetric error of flat 2 3 nm 
Symmetric error of flat 3 6 nm 
Hologram errors 6.2 nm (wavefront) 3.1 nm surface 

 
36. Using the values given in the above table calculate the final rms surface error.  Multiply 

this value by 2 to give the rms wavefront error. 
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3. Measurement of the centration of the optical axis.   
 
3.1. Introduction 
 
When the optical axis of an aspheric mirror is decentered with respect to its mechanical center, 
small asymmetric errors will be present in the mirror’s surface described by low order Zernike 
polynomials.  After tilt, coma is the next largest aberration for small decentrations.  If the coma 
present in the surface can be measured then the amount and direction of axial decenter can be 
computed from the magnitude and orientation of the coma.  
 
Because coma also results from a misalignment of the null lens axis to the mirror’s axis during 
an optical test it is required to rotate the mirror and perform two optical tests to separate the two 
sources of coma.  It is essential that during the two tests the mirror’s axis and the null lens’s axis 
do not change with respect to one another.  To accomplish this the null lens is not moved 
between the two tests except for some small focus (z) motion parallel to the optical axis that will 
not affect the measurement. 
 
In the first test the coma is roughly minimize, i.e., the coma in the mirror is balanced by a tilt of 
the null lens axis.  The fringes are nulled and measurements are taken retaining the coma terms.  
The mirror is then rotated 180 degrees and returned to the exact same position it had during the 
first test.  This is done by carefully aligning the mirror’s optical surface to the axis of rotation of 
the test tower turntable.  Four dial indicators are placed 90 degrees apart at the top edge of the 
mirror for centration and on the mirror’s surface for tilt.  Adjustments are made in tilt and 
decenter of the turntable support plate to bring the indicators to a near null readout as the mirror 
is rotated.  
 
 The coma that is observed in the second test is related to the amount of coma in the mirror’s 
surface giving a measure of the position of the optical axis.  In the following analysis 
 
(a3

1,-1)T1 = the Zernike coma coefficients from the first test (mirror at 0 degrees) 
 
(a3

1,-1)T2  = the Zernike coma coefficients from the second test (mirror at 180 degrees). 
 
(a3

1,-1)M  = the Zernike coma coefficients of the coma present in the mirror’s surface. 
 
(a3

1,-1)TO  = the Zernike coma coefficients of the test optics (not misalignment) 
 
(a3

1,-1)a  = the Zernike coma coefficients due to misalignment in the first test. 
 
(a3

1,-1)d  =  the Zernike coma coefficients due to decenter of the mirror in the second test        
relative to the first test (as measured by the dial indicators). 
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Given these definitions 
 

(a3
1,-1)T1   =  (a3

1,-1)M  + (a3
1,-1)TO  + (a3

1,-1)a   
 

(a3
1,-1)T2  =  -(a3

1,-1)M  + (a3
1,-1)TO  + (a3

1,-1)a  + (a3
1,-1)d  

 
then, 

(a3
1,-1)M  =  ((a3

1,-1)T1  -  (a3
1,-1)T2  +  (a3

1,-1)d )/2 
 

It can be shown that the amount of coma is related to the amount of decenter through the 
following relations: 
 

(a3
1)M  =  Kr3x/6R3   

 
 (a3

-1)M  =  Kr3y/6R3   
 
 

where x and y are the amounts of decenter of the optical axis, r is the aperture radius, K is the 
conic constant, and R is the radius of curvature. 
 
For this mirror, given the requirement that the amount of decenter be less than 2 mm, the 
maximum amount of coma that is allowable in the mirror’s surface is 3 microns P-V or just 
under 5 waves.  This means that given a near coma null for the first test we should observe less 
than 10 waves of surface coma upon rotation of the mirror to the 180 degree position.  
 
3.2. Procedure. 
 

1. Place a double layer of electrical tape at the top edge of the mirror so that it folds over 
onto the optical surface.  Make sure the tape remains smooth.  Go around exactly twice 
with no triple overlap. 

 
2. Set up 4 dial indicators around the mirror’s edge, two pairs 90 degrees apart.  The first 

pair should measure the lateral runout and the second pair should measure the tilt.  The 
tilt indicators must only contact the tape and not the optical surface. 

 
3. Adjust the tilt and centration of the turntable until the TIR on all indicators is less than 

.005”. 
 

4. Rotate the mirror until it is at the 0-degree location. 
 

5. Prepare the mirror for optical testing.  Note the location and values of the dial indicators 
in the notebook. 
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6. Place two additional fiducials on the mirror that locate the +y and +x directions in the 
measurement plane.  Mark these locations in the pupil with small circular masks. 

 
7. Test the mirror according to the procedure described in Steps 1-14 of “Phase-measuring 

of the mirror’s surface figure except do not remove the coma terms. 
 

8. Rotate the mirror to the 180-degree position and translate the interferometer to properly 
align the fringes.  Do not use the null lens tilt controls, as this will nullify the test. 

 
9. Test the mirror again as described in step 6. 

 
10. Note the values of the dial indicators and record them in the notebook. 

 
11. Load the 0-degree map into surface and fit to 36 term Zernikes  (UofA).  Note the two 

third order coma coefficients in the notebook. 
 

12. Load the 180-degree map into surface and fit to 36 term Zernikes (UofA) 
 

13. Using the coma coefficients and the relations described in the introduction compute the x 
and y coordinates of the axis decenter and record in the notebook. 

 
14. Using the relation: arc tan θ = (a3

-1)M  /(a3
1)M   compute θ and record in the notebook.  0 

degrees is along the +x axis established by the fiducials. 
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4. Measurement of the radius of curvature. 
 
4.1. Introduction. 
 
Shown above in Figure 2 is a schematic of the test setup used for optical testing as well as the 
measurement of the radius of curvature.  Because the mirror is aspheric the radius of curvature 
varies with aperture radius so what we want to measure is the paraxial radius of curvature 
specified in the design.  The distance to be measured is that between the mirror’s surface and the 
paraxial focus.  Locating the paraxial focus can be difficult but fortunately we can use the null 
lens calibration CGH to locate it very precisely because the CGH is designed to be placed at the 
paraxial focus of the null lens to null the wavefront.  When the fringes are nulled in the test of 
the mirror the paraxial focus of the mirror will coincide with this point.  If we locate the 
hologram plane during CGH testing, then remove it and insert and tilt fold flat 1 so that its axial 
position is unchanged, then the flat’s position accurately locates the paraxial focus.  
 
To accomplish this the hologram and fold flat 1 are both held in a gimbal mount that tilts the 
surface of the flat or hologram about the center of its surface. This mount is supported on a 3-
axis stage that allows for translation of the flat laterally without changing the position axially. 
When the hologram is placed in the mount and the fringes from the null lens are nulled this 
accurately locates the paraxial focus.  The hologram is then removed from the test and fold flat 1 
is inserted into the mount so that its surface is coincident with the hologram plane.  The flat is 
then pivoted about the gimbaled pivot to fold the beam onto the test beam path.  The paraxial 
focus of the mirror is then located on the surface of the fold flat when the fringes from the mirror 
are nulled. 
 
Because there are three fold flats in the beam there are three distances that must be measured that 
sum to the radius of the mirror.  Figure 3 depicts the three fold flats looking down from the top 
showing two of the distances: the first between fold flat 1 and fold flat 2 and the second between 
fold flat 2 and fold flat 3.  The third distance is that between fold flat 3 and the primary mirror’s 
surface. 
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Figure 3.  Top view of the test setup showing the fold flat arrangement. 
 
 

Because the flats are tilted locations on the flats must be marked that follow a single ray from the 
primary to the paraxial focus.  This is done by placing a small mark first on flat 3 while 
observing the fringes that marks a point in the pupil near the center of the mirror.  A second mark 
is placed on fold flat 2 that coincides with the mark on flat 3.  This is done by simply observing 
the image of the pupil and making the two marks coincident in the pupil.  The distances can then 
be measured between the marks. 
 
The paraxial radius of curvature is then given by the sum of three measurements: 
 

Rv = D1 +D2 + D3 
 

Where D1 = the distance from the mirror to the mark on fold flat 3. 
 
D2 = the distance between the marks on fold flat 3 and fold flat 2. 
 
D3 = the distance between the mark on fold flat 2 and the center of fold flat 1. 
 
D1 is measured with a calibrated tape measure traceable to NIST that measures the distance 
between the mark on fold flat 3 and the edge of the mirror at the center hole.  D2 and D3 are 
measured with inside micrometers having special plastic radiused tips that define the distances 
(like telescoping gages) that are subsequently measured with calipers.  Using these methods we 
estimate our error in the radius measurement to ± 2mm. 
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Because the null lens is designed for a mirror having a particular radius of curvature there will be 
a conic error in the mirror if the radius differs from the design radius.  The magnitude of the error 
is given by: 

∆R/R = ∆K/K. 
 

From this, a radius error of 5 mm will cause a conic error of .0007 in the parabolic mirror. 
 
 
4.2. Procedure. 
 

1. Check that the paraxial focus of the null lens is in sharp focus on the surface of fold flat 
1.  If it is not the hologram must be reinserted and the paraxial focus position redefined. 

 
2. Make sure that the calibrated tape is secured with a safety line before using. 

 
3. Viewing the fringes in the monitor mark with a Sharpie a small point (3 mm) on fold flat 

3 that coincides in the pupil to a point near the center hole. 
 

4. Make another mark on fold flat 2 that coincides in the pupil to the mark made on fold flat 
3. 

 
5. Lower the calibrated tape to a person near the mirror. 

 
6. Holding the end of the tape at the mark on fold flat 3 have the person measure the 

distance to the polished surface at the edge of the center hole.  Record this number in the 
notebook as D1. 

 
7. Using inside micrometers fixed with the plastic radiused tips measure the distance 

between the marks on fold flat 3 and fold flat 2. 
 

8. Use calipers to measure the length of the micrometer at the contact points the flats made 
with the plastic tips. Record this distance in the notebook as D2. 

 
9. Using the inside micrometers again measure the distance between the mark on fold flat 2 

and the center of fold flat 1. 
 

10. Use calipers to measure the length of the micrometer at the contact points the flats made 
with the plastic tips.  Record this distance in the notebook as D3. 

 
11. Sum the distances D1 + D2 + D3 to give the paraxial radius of curvature. 

 

 


