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Abstract: Aspherical surfaces can provide significant benefits to a wide variety of optical
systems, but manufacturing high-precision aspherical surfaces has historically been limited by the
ability to measure them. Null testing has always been the ideal method in aspherical measurement.
However, in many cases, it is hard to realize null testing for complex surfaces, especially for
convex surfaces in complicated forms. In this paper, we propose a hybrid compensation method
combining a spherical mirror and a computer generated hologram (CGH) to achieve the null testing
of the convex aspherical surface. Firstly, we introduce our self-developed mathematical models in
the hybrid compensation method, including optics alignment model, distortion correction model
and spherical surface error removing model. Then the performance of our proposed method is
analyzed by a null testing experiment of an off-axis convex ellipsoid mirror. The experimental
result shows that the proposed method can accomplish the hybrid compensation testing of convex
aspherical surfaces effectively, and it can also bring much to the application of our method in
convex aspherical surface testing.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

It is well known that measuring large convex aspherical surfaces is difficult because the required
aperture of the auxiliary optics used in the testing is significantly larger than the optics being
tested [1].

In this case, subaperture stitching testing is developed to overcome the aperture size limitations
of conventional interferometry and the difficulty of acquiring auxiliary optics in large aperture
[2]. The stitching technique has been studied by many scholars [3—16] and relative subaperture
stitching interferometer (SSI) has also been developed by QED [17]. However, as the departure of
an asphere from its best-fit sphere increases, the fringe densities within each subaperture increase.
The increase can result in smaller measurable regions, and thereby require more subapertures
for the testing, which might invalidate the subaperture stitching method. To solve the issue,
QED introduced variable null optics (VON) method to drastically reduce the fringe density in
subapertures [18,19], and thereby to reduce the number of subapertures required as well as
enlarging the measurement ability. In this method, subapertures are non-null tested and retrace
error [20,21] should be considered for each subaperture testing data, which makes the stitching
complicated. A few large convex mirrors, both spherical and aspherical, have also been tested at
the University of Arizona [22]. For example, they combined elements of the holographic test
plate, subaperture Fizeau testing with an aspheric reference, and use of a computer generated
hologram (CGH) to compensate the Fizeau testing with a spherical reference to achieve the
testing of the secondary mirror of Large Synoptic Survey Telescope (LSST) [23].

#373116 https://doi.org/10.1364/0OE.27.027546
Journal © 2019 Received 18 Jul 2019; revised 15 Aug 2019; accepted 3 Sep 2019; published 16 Sep 2019


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.27.027546&amp;domain=pdf&amp;date_stamp=2019-09-16

Research Article Vol. 27, No. 20/30 September 2019/ Optics Express 27547 |

Optics EXPRESS N

In this paper, we propose a hybrid compensation method combining a spherical mirror and a
CGH to accomplish the null testing of the convex aspherical mirror. Commercial interferometer
is adopted in the testing and only four optics (interferometer, CGH, spherical mirror, aspherical
mirror tested) are placed in the testing path, which makes the structure of the optical path
simple. The spherical mirror with a relatively large aperture is relatively easy to fabricate.
Meanwhile, we can also easily get the access to the CGH due to its non-tight processing
requirements. Our proposed method provides an efficient way to accomplish the null testing
of convex aspherical mirrors, especially for high-departure aspheres. Spherical mirror in our
method can help compensate for some part of aberrations such as astigmatism and coma, and the
residual aberrations can be compensated by CGH because of its flexibility in design. The paper
is organized as follows. In Section 2, the basic theory of hybrid compensation is introduced. In
Section 3, we apply the proposed method to the actual experiment and the relative testing result
is analyzed. The conclusion is given in Section 4.

2. Theory

In this part, the design concept of hybrid compensation testing including the structure of testing
path and alignment methods between every optical element are described in section 2.1. Then
the relative data processing and error analysis are studied in section 2.2.

2.1.  Design concept of hybrid compensation testing
2.1.1. Structure of optical path

The convex aspherical surface can be tested in full aperture with hybrid compensation method
combining a spherical mirror with a CGH as shown in Fig. 1. The aberrations introduced
in the off-axis aspherical surface testing mainly include astigmatism and coma, which can be
compensated with a spherical mirror and a CGH. During the testing, a spherical mirror with
relatively large aperture is adopted to provide a convergent wavefront. The spherical mirror
also compensates some part of astigmatism and coma in the testing, while the residual of the
aberrations is completely compensated with the CGH.
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Fig. 1. Hybrid compensation with CGH and spherical mirror.

2.1.2. Alignment design of optics

Since there are four components in the optical path, the non-alignment among them will introduce
extra aberrations in the testing map, which will cause the testing map to be non-consistent with the
actual surface map. As a result, alignment of each optical component should be taken accurately
in the testing.
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Accurate optics alignment is achieved by designing alignment regions on the CGH directly.
To accomplish the alignment between optics and the testing of aspherical mirror, five kinds of
diffractive region shown in Table 1 can be designed on CGH.

Table 1. Summary of CGH regions

Region number Function of the region

Region 1 Compensation region: Realize the compensation of aspherical wavefront

Region 2 Alignment region: Accomplish the alignment between CGH and alignment interferometer
Region 3 Alignment region: Accomplish the alignment between CGH and testing interferometer
Region 4 Alignment marks projected region: project cross line around the spherical mirror

Region 5 Alignment marks projected region: project cross line around the aspherical mirror

Based on the regions described in Table 1, the alignment of optics can be achieved according
to the following steps.

Step 1: Accomplish the null testing of the spherical mirror with an auxiliary alignment
interferometer as shown in Fig. 2. After the step, two components including the spherical mirror
and the alignment interferometer are in the optical path and they are aligned accurately.

Spherical
Mirror

Alignment
lntev‘ferOmetEr

Convex
Aspherical Mirror [

Fig. 2. Alignment process (stepl and step2)

Step 2: Put CGH in the optical path as shown in Fig. 2. Adjust the position of the CGH
according to the interferogram formed by region 2 on CGH until null testing is attained. After
this step, three components including the spherical mirror, the alignment interferometer and the
CGH have been accurately aligned in the optical path.

Step 3: Place the testing interferometer into the optical path as shown in Fig. 3. Adjust the
position of the testing interferometer according to the interferogram formed by region 3 on CGH
until null testing is attained. Now the alignment between testing interferometer, the CGH and the
spherical mirror is fulfilled. At the same time, cross lines (formed by region 4 on the CGH) can
be observed around the spherical mirror.

Step 4: Lay the aspherical mirror into the optical path according to the cross lines (formed
by region 5 on the CGH) projected around the aspherical mirror as shown in Fig. 3. Then
interferogram of the aspherical mirror testing will be obtained (formed by region 1 on the
CGH). Adjust the position of the aspherical mirror according to the interferogram until the
alignment between four components including testing interferometer, CGH, spherical mirror and
the aspherical mirror are well done.

In the alignment process as shown in Fig. 2 and Fig. 3, two interferometers including testing
interferometer and alignment interferometer are introduced at the same time. The advantage of
introducing the alignment interferometer is that it can be used to ensure that the spherical mirror
is aligned with CGH during testing.
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Fig. 3. Alignment process (step3 and step4)

2.2. Data processing and error analysis

In this part, we mainly discuss two problems including distortion correction and removal of
spherical mirror surface error in the surface map of aspherical mirror. To better explain these
two problems, we first define the following coordinate systems as shown in Fig. 4 and Fig. 5.
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Fig. 4. Description of coordinate systems in testing

Spherical
Mirror

Coordinate F

Fig. 5. Description of coordinate systems in alignment

After accomplishing the alignment between optical elements in the optical path as shown in
Fig. 4, we define the coordinate of the testing interferometer as coordinate A; the coordinate
of CGH plane as coordinate B; the coordinate of spherical mirror surface as coordinate C; the
coordinate of convex aspherical mirror surface as coordinate D. Before the testing of aspherical
surface, the spherical mirror was accurately aligned and tested with alignment interferometer as
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shown in Fig. 5 (this step is described in step 1 in section 2.1.2). The coordinate of alignment
interferometer is defined as coordinate E.

2.2.1. Distortion correction

Distortion will be introduced in the hybrid compensation testing of the aspherical mirror, and
cause the inconsistency between the area shape of interferogram and the actual physical shape. It
should be corrected before the follow-up processing applied to the mirror.

Distortion correction can be taken with targets, which have been affixed on surfaces of both
the spherical mirror and the aspherical mirror respectively before testing. Usually four targets are
needed to paste on the spherical mirror, while another four targets are needed to paste on the
aspherical mirror. In order to achieve the distortion correction in high-accuracy, we provided
a correction model based on ray tracing and affine transformation. The correction model can
be separated into two parts. Firstly, the nonlinear transformation is taken between coordinate
systems of CGH and convex aspherical surface by ray tracing. Secondly, the linear transformation
is taken between the coordinate systems of testing interferometer and CGH with target points
whose position coordinates can be tested accurately.

A. Coordination relationship from CGH to testing surface The relationship between CGH
to testing surface can be obtained by ray tracing. Tracking points can be set on testing surface as
shown in Fig. 6(a) and uniformed grid rays are ejected along the normal direction of the testing
surface. The relative positions of tracking points on CGH plane according to the experimental
parameters as described in section 3 are shown in Fig. 6(b) as expressed with intersection points.
Therefore, according to the ray tracing method, the coordinate relationship can be established
between coordinate D and coordinate B as shown in Fig. 4.

(a) ®

Fig. 6. Distortion of a convex aspherical mirror with hybrid compensation: (a) uniform
grid on the aspherical mirror on the test, (b) uniform grid mapping to the CGH

B. Coordinate relationship from CCD to CGH The coordinate relationship from CGH to
testing surface was obtained with ray tracing method, while the coordinate relationship from
testing interferometer CCD to CGH was established based on affine transformation.

In the distortion correction, the coordinates of targets in the testing interferometer results can
be described as (x;, y;),i = 1,2,3, ..., while the relative coordinates in the CGH plane can be
written as (X;, Y;), i =1,2,3,.... Based on the theory of affine transformation, the relationship



Research Article Vol. 27, No. 20/30 September 2019/ Optics Express 27551

Optics EXPRESS

between them should be as follows:

X; X
Y, |=T-|y |, (1)
1
where
s-cosf —s-sinf 1,
T=| s-sin@ s-cosf t, |, 2

0 0 1

where s is the magnification of each pixel in the CCD testing result, (z,, t,) is the relative translation
between the coordinates of CCD and CGH plane, and 6 is the relative rotation degree between
them. In the coordinate relationship from CCD plane to CGH plane, s should be the same to
every point.

Then the relationship between the CCD testing coordinates before and after the affine
transformation should be:

X! _ Xi-§-cos@ —y;-s-sinf +t, , 3)

Yi’ Xj-s-sinf+y;-s-cosf+1,
where (X!, Y) is the coordinate of pixel (x;, y;) after affine transformation. By minimizing the
sum,

N
min = " (X = X)* + (Y] - ¥;)"), @)
i=1
where N is the number of targets, matrix T can be solved and the coordinate relationship from
CCD plane to CGH plane can be obtained, which means coordinate relationship can be established
between coordinate A and coordinate B as shown in Fig. 4.

With the above two processes of A and B, the coordinate relationship between coordinate
A and D as shown in Fig. 4 is achieved, which means that the point-to-point correspondence
between the aspherical surface and testing interferometer has been found, and the distortion
correction of testing map can be accomplished.

2.2.2. Removal of spherical mirror surface error

In the hybrid compensation testing, the surface error of spherical mirror in Fig. 4 will be
introduced into the testing map as a system error, which makes the testing map different from the
actual surface map of the aspherical surface. The surface map of spherical mirror should also be
removed from testing map. Targets affixed on the spherical mirror surface before testing can be
used to accomplish the spherical surface’s error removal. The spherical surface’s error removal
model can also be separated into two parts.

Firstly, the spherical mirror is aligned and tested with alignment interferometer directly as
shown in Fig. 5. In this process, the surface error of spherical mirror is obtained and the
coordinate relationship between coordinate C and coordinate E is achieved as shown in Fig. 5.

Secondly, the coordination relationship from testing interferometer to spherical surface in
the convex aspherical surface testing path as shown in Fig. 4 can be obtained with the theory
described in section 2.2.1. Actually, the coordinate relationship between coordinate A and
coordinate B can be derived with affine transformation theory, while the coordinate relationship
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between coordinate B and coordinate C can be found with ray tracing method. Therefore, the
coordinate relationship between coordinate A and coordinate C is established.

From what has been discussed above, the coordinate relationship between coordinate A and
coordinate E can be achieved, which means that the spherical surface error (testing map in
coordinate E as shown in Fig. 5) can be removed from the aspherical testing map (testing map in
coordinate A as shown in Fig. 4). Therefore, the removal of spherical mirror surface error is
accomplished.

3. Experiment verification

In this experiment, the aperture of the off-axis convex ellipsoid mirror is 332mmx144mm. Conic
constant « is —0.54 and the vertex radius of curvature R is —933mm. The off-axis amount
of the aspherical mirror is 86.2mm. The Peak-to-Valley (PV) and Root mean square (RMS)
departure between the off-axis convex ellipsoid and the best-fit sphere is 132.44451 and17.49361
respectively as shown in Fig. 7.

1. 19E+002
1. 05E+002
9.22E+001
7.89E+001
( ‘ 6.57E+001

5.25E+001
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-1.38E+001

WAVEFRONT FUNCTION

SUN MAR B8 2815
0.6328 pm AT 0.0000, 0.0000 DEG
PEAK TO VALLEY = 132Z.4445 WAVES. RMS = 17.4936 WAVES.

Fig. 7. Departure between ellipsoid mirror and best-fit sphere
To accomplish the full aperture testing of the off-axis convex ellipsoid mirror, a spherical

mirror with 750mm aperture, 1550mm radius of curvature, and a CGH are introduced in the
experiment. The design of testing path is shown in Fig. 8.

Spherical mirror

Convex aspherical mirror

Fig. 8. Design of testing path
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Part of the aberration is compensated by the spherical mirror surface and the rest of the residual
error is compensated with the CGH. When light reflected from the spherical mirror, the new
aberration is introduced into the optical path, which also compensated the departure between the
off-axis convex ellipsoid and its best-fit sphere. The residual error after the compensation of the
spherical mirror is shown in Fig. 9. It can be seen from Fig. 7 and Fig. 9 that the aberrations form
as well as their magnitude are in consistent, which means that the spherical mirror compensates
part of the aberration.

9.56E+001
8.28E+001
7. 01E+001
5.73E+001
Y. H6E+DO 1
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Fig. 9. Residual error after compensated with spherical mirror

Then the rest of the aberration is compensated with the CGH, and the residual error after the
compensation of the CGH can be acquired as shown in Fig. 10.
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Fig. 10. Residual error after CGH compensation
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It can be seen from Fig. 10 that the PV and RMS residual in the design is 0.00014 and O
respectively, which means that the off-axis convex ellipsoid mirror can be tested with our method
in full aperture with a high accuracy theoretically.

To accomplish the alignment between optics, five kinds of diffractive region are designed on
CGH as shown in Fig. 11. The fabricated CGH used in the measurement is shown in Fig. 12.

Fig. 11. Diffractive regions distribution on CGH

Fig. 12. CGH used in the measurement

The functions of each diffractive region shown in Fig. 11 are described in Table 2.

Table 2. Description of CGH regions

Region color Function of the region

Green region Compensation region: Realize the compensation of aspherical wavefront

Purple region Alignment region: Accomplish the alignment between CGH and alignment interferometer
Red region Alignment region: Accomplish the alignment between CGH and testing interferometer
Yellow region Alignment marks projected region: project cross line around the spherical mirror

Blue region Alignment marks projected region: project cross line around the aspherical mirror

Based on the regions described in Table 2, the alignment of optics shown in Fig. 13 can be
achieved according to the following steps:

Step 1: Accomplish the null testing of the spherical mirror with an auxiliary alignment
interferometer. The interferograms before and after alignment are shown in Fig. 14. After the
step, two components including the spherical mirror and the alignment interferometer are in the
optical path and they are aligned accurately.

Step 2: Put CGH in the optical path and adjust the position of the CGH according to the
interferogram formed by purple region shown in Fig. 11 on CGH until null testing is attained. The
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Spherical mirror

Convex aspherical mirror

' \ Alignment interferometer

®

Fig. 14. Test sphere with alignment interferometer (a) Interferogram before alignment
between spherical mirror and alignment interferometer (b) Interferogram after alignment
between spherical mirror and alignment interferometer

interferograms before and after alignment are shown in Fig. 15. After this step, three components
including the spherical mirror, the alignment interferometer and the CGH are accurately aligned
in the optical path.

@ (®)

Fig. 15. Align CGH with alignment interferometer (a) Interferogram before alignment
between spherical mirror, CGH and alignment interferometer (b) Interferogram after
alignment between spherical mirror, CGH and alignment interferometer
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Step 3: Place the testing interferometer into the optical path and adjust the position of the
testing interferometer according to the interferogram formed by red region on CGH until null
testing is attained. Now the alignment between testing interferometer, the CGH and the spherical
mirror is fulfilled. The interferograms before and after alignment are shown in Fig. 16. At
the same time, cross lines (formed by yellow region on the CGH) can be observed around the
spherical mirror, which indicates the area of the spherical mirror used in the testing.

(a) (b)

Fig. 16. Align CGH with testing interferometer (a) Interferogram before alignment between
spherical mirror, CGH and testing interferometer (b) Interferogram after alignment between
spherical mirror, CGH and testing interferometer

Step 4: Lay the aspherical mirror into the optical path according to the cross lines (formed
by blue region on the CGH) projected around the aspherical mirror. Then interferogram of the
aspherical mirror testing will be obtained (formed by green region on the CGH). Adjust the
position of the aspherical mirror according to the interferogram until the alignment between four
components including testing interferometer, CGH, spherical mirror and the aspherical mirror
are well done. The interferograms before and after alignment are shown in Fig. 17.

(@ ®

a

Fig. 17. Align aspherical mirror (a) Interferogram before alignment between spherical
mirror, CGH, testing interferometer and aspherical mirror (b) Interferogram after alignment
between spherical mirror, CGH, testing interferometer and aspherical mirror

In the experiment, two interferometers including the alignment interferometer and tesing
interferometer are introduced. The advantage of introducing the alignment interferometer is that
it can be used to ensure that the spherical mirror is aligned with CGH during testing, which
means no extra misalignment aberrations between them are introduced in the aspherical mirror
testing result. After the above steps, the testing map of aspherical surface is shown in Fig. 18. For
the black holes in Fig. 18, it is the pixels corresponding to the targets’ locations in aspherical and
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spherical mirrors. The relative testing map of spherical mirror can also be acquired in step 1 as
shown in Fig. 19. As the spherical mirror are not used in full aperture in the hybrid compensation
testing, the relative area used in the testing can be calculated with the theory described in section
2.2.2 with the targets marked on the surface of spherical mirror and aspherical mirror separately.
The surface error of the above area is shown in Fig. 20. After distortion correction and removing
the surface error of spherical mirror with the theory introduced in section 2.2, the surface map of
aspherical mirror is shown in Fig. 21. By filling the phase values of pixels corresponding to the
targets’ positions with triangulation interpolation method in Fig. 21 [8], the relative surface map
of aspherical mirror is shown in Fig. 22. It can be seen from Fig. 22 that the PV and RMS of the
aspherical surface map is 0.9784 and 0.0444 (1=632.8 nm) respectively.

Fig. 18. Testing map of aspherical mirror

Fig. 19. Testing map of spherical mirror

For the purpose of cross test, eight different kinds of CGH in 150mm aperture respectively are
designed and fabricated for the full aperture covering of the same off-axis convex ellipsoid mirror.
The testing mirror is separated into eight subapertures as shown in Fig. 23. For each subaperture,
it is null tested as shown in Fig. 24. The relative subaperture testing results are shown in Fig. 25.
The validity and precision of our proposed method can then be verified by comparison with the
null stitching testing results.

The PV and RMS of the aspherical surface map obtained by stitching testing is 0.9564 and
0.04194 (1=632.8 nm) respectively. By comparing Fig. 22 and Fig. 26, the surface map error
obtained by proposed hybrid compensation testing is consistent with the null stitching testing
result in the error distribution. Furthermore, both PV and RMS values achieved with the above
two methods are comparable, which verifies the validity and precision of the proposed method.
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Fig. 22. Surface map of aspherical mirror after replacing the target pixels

Fig. 23. Subapertures design with CGH
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Fig. 24. The layout of subaperture testing system

|

(a) subaperture A (b) subaperture B (c) subaperture C (d)subaperture D

® %&;.a'

(e) subaperture E () subaperture F (g) subaperture G (h) subaperture H

Fig. 25. Subaperture testing results

Fig. 26. Subaperture stitching map
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Compared with the null stitching testing method, our proposed method in the paper possesses
the following major advantages. Firstly, it overcomes the full aperture measurement limits for
convex aspherical surface testing. With our method, the convex surface can be tested in full
aperture by an interferometry, which avoids multiple measurements. Secondly, only one CGH
is applied in our proposed method. It saves time and cost compared with the null stitching
method, which needs eight different CGHs in our experiment. In general, our proposed hybrid
compensation method can be an economical and fast test method in convex surface testing,
especially for non-rotational symmetric convex surfaces in large aperture.

4. Conclusion

We have proposed a hybrid compensation method to measure convex aspherical surface in full
aperture. With the above method, null testing can be accomplished. To avoid extra aberration
caused by non-alignment between optics adding to the testing map, the accurate alignment
between optics can be achieved with different diffractive regions on CGH. For a better testing
accuracy, the surface error of spherical mirror is also removed. Distortion correction is finally
taken to the testing map, which make the area shape of interferogram in consistent with the actual
physical shape of the aspherical mirror, ensuring the feasibility of subsequent processing to the
aspherical mirror. To evaluate the performance of our method, experiment verification is also
taken. It can be proved from the above experiment result that the reported method can obtain the
full-aperture surface map with satisfactory accuracy. As the experimental study is now for an
off-axis aspherical mirror, further theoretical and experimental developments of the reported
method on more complex surfaces such as freeform surfaces will be taken.
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