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Distortion can be introduced in null testing using computer-generated holograms for off-axis aspheres or free-
forms with significant deviation. It leads to the failure of testing results to guide deterministic optical processing.
In this paper, based on ray tracing and calibration marks applied to a mirror surface, a high-accuracy method is
proposed to correct the distortion. The correction error is less than 1 mm. Second and fourth mirrors of a re-
flective telescope prototype with an F number of 6.5 and field of view of 76° are polished. In the process, dis-
tortion is corrected, and the position misalignment error is as small as 0.783 mm. For the sake of alignment, the
two mirrors are fixed on a 790 mm × 390 mm SiC substrate. The root-mean-square value of the mirror surface
error is 0.0433λ (λ � 0.6328 μm) after ion beam finishing. © 2018 Optical Society of America
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1. INTRODUCTION

Freeform surfaces described by a φ-polynomial or Zernike
polynomial provide more design freedom to imaging systems
without introducing new types of aberration; therefore, better
performance can be expected [1–3]. However, high-precision
testing of freedom surfaces is a challenging task [4].

With the development of optical testing and microelectron-
ics technology, the computer-generated hologram (CGH) has
been more and more widely used in optical testing [5]. CGH
has testing accuracy superior to λ∕100 [6,7]. It also has the
advantages of small volume, light weight, and more design
freedom. Compared with a traditional compensator, CGH is
easily mounted, adjusted, and reused, and is indispensable
to test freeform surfaces [8].

However, CGH also has some disadvantages, such as low
diffraction efficiency and distortion. The former was exten-
sively discussed and could be improved by using phase-type
CGH, but the latter was seldom reported [3]. In CGH (both
amplitude-type CGH and phase-type CGH), null composition
testing for freeform or off-axis asphere, two-dimensional map-
ping distortion without rotational symmetry, was introduced in
testing of the freeform by CGH. Since the caustic of the second
fourth mirror (SFM) mirror reported in the following sections
is big and the CGH fabrication limit is 180 mm, large mapping
distortion exists in the test data. Such distortion will cause the
polishing process to non-converge and must be corrected.

At present, there are two kinds of correction distortion
methods for testing aspheric surfaces with null compensation
in the published literature. The first correction method is used

for coaxial aspheric surfaces with null lens compensation test-
ing. In this method, it is considered that the mapping distortion
is rotationally symmetrical along the radial direction of the
aspheric parent mirror, so one-dimensional distortion fitting
can be carried out based on the mirror fiducial, and the map-
ping distortion can be corrected. Because few fiducial points
can be set on the mirror, the fitting accuracy of this method
is low, and only one-dimensional fitting can be done; it cannot
correct the projection distortion in freeform surface interfer-
ence detection. Please refer to the literature [8]. Another cor-
rection method for projection distortion was proposed by
Novak et al. of the University of Arizona. They used the
method of covering regular meshes on the mirror surface to
correct projection distortion. This method is similar to the pre-
vious method. Although two-dimensional fitting is realized
with the help of grid plates, it is still difficult to increase the
number of sampling points. Although the scope of application
is extended, the correction accuracy of this method has not
been effectively improved. The engineering application of this
method is relatively complex, and the specific algorithm and
accuracy are not given in the article. Refer to the following
literature. Neither of these methods can meet the accuracy
requirements of deterministic fabrication, such as the ion beam
figure (IBF) [9].

In this paper, in order to realize high-accuracy distortion
correction, a new method is presented based on the affine trans-
formation of a testing light path. The method is presented
based on the fact that the major resources of mapping distor-
tion stem from the optical path between CGH and mirror, and
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this part is high order, the denser the tracking points, the higher
the accuracy. Therefore, the testing was separated into three
parts. First, the nonlinear transform is done between coordinate
systems of CGH and mirror by ray tracing. We can set the
destiny of point on mirror very close together, so that, it is bet-
ter to simulate the distortion than traditional methods the
above mentioned. Second, the transmission sphere with an
F number of 0.75 for a Fizeau interferometer will introduce
cosine form distortion, and this distortion was calibrated.
Third, the linear transform was done between the coordinate
systems of CCD and CGH by many fewer fiducial points,
which were pasted on the mirror under test (MUT). Their po-
sitions could be tested accurately. Owing to the high-accuracy
measurement of marker position on the mirror, centroid algo-
rithm and ray tracing method, the high accuracy of distortion
correction could be achieved. The distortion correction theory
of the proposed method will be presented in detail in Section 2.
Experimental results will be shown in Section 3.

2. DISTORTION CORRECTION

A. Mapping from CGH to Mirror
The relationship between the mirror surfaces to the CGH can
be obtained by ray tracing. As shown in Figs. 1(a) and 2(a), a
concave even aspherical reflector whose radius is 2483 mm and

the conic coefficient K is −2.1536 was tested with CGH. In
order to show the relationship between distortion and the
CGH position, two ordinary testing layouts were given. In
these two examples, CGH was located at 2280 mm and
1596 mm away from the MUT. Uniformed grid rays were
ejected along the mirror normal direction [Figs. 1(b) and 2(b)].
The intersection points at the distortion reference surface (e.g.,
considering the distortion at CGH and the reference surface on
CGH) are shown in Figs. 1(c) and 2(c).

From these two examples, we can find that the closer to
MUT, the smaller the distortion, but the larger the CGH.
So that CGH should choice a better location [10].

In order to describe the severity of the distortion, the cal-
culation of mapping distortion for compensation interference
testing needs to be defined. For the imaging system, the dis-
tortion is the difference between the ideal image height and
the actual image height that intersects the main ray with the
ideal image surface, which is different from imaging distortion.
Mapping distortion in interference testing is actually due to the
surface curvature, and caused by the nonlinear relationship be-
tween rays projected on mirrors with different curvatures. Due
to the high-precision positioning requirements for optical
processing, a new definition for distortion is given as follows.
The geometric center of the mirror was set as the original point
of the mirror, and the corresponding point on the reference
surface was set as the original point of the distorted data.
Then, distorted data were stretched linearly to the maximum
circle radius, which covers the tested mirror (show as Fig. 3).
The mapping distortion coefficient (K D) was defined as the
ratio of maximum deviation of the position to the actual posi-
tion after expansion. K D could be positive or negative, and the
greater absolute value of K D brings out more serious distortion.

Its equation is expressed as

K D � Ri − �Rci � R∕Rc�
Ri

: (1)

For the examples in the graphs (Figs. 1 and 2), the distortion
coefficient of the CGH reference surface at the distance of
2280 mm from aspherical surface is 0.599, and the distortion
coefficient is 0.011 when it moves to 1596 mm, which is in full
agreement with the actual situation, indicating that the defini-
tion of the coefficient satisfies the requirement of the CGH. In
fact, the mapping distortion can be reduced by larger-sized
CGH, but as the size of the CGH is limited, CGH design
should be considered in accordance with the needs of the test-
ing. As shown in Figs. 1 and 2, in different distances from

Fig. 1. Distortion of testing a concave even aspherical mirror with
CGH: (a) testing layout, (b) uniform grid on the mirror under test,
and (c) uniform grid mapping to the CGH.

Fig. 2. CGH set at 1596 mm behind the mirror under test; distor-
tion of testing a concave even aspherical mirror with CGH: (a) testing
layout, (b) uniform grid on the mirror under test, and (c) uniform grid
mapping to CGH. Fig. 3. Distorted data expansion linearly to uniform grid on reflector.
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MUT, the distortion is different. On one hand, the closer to
the caustic surface, the larger the distortion; on the other hand,
the carrier frequency also has a slight effect on distortion. These
factors need to be carefully balanced. CGH design and distor-
tion balance work can be referred to in documents [7,10–22].

B. Distortion of ZYGO F0.75 Transmission Sphere
Through experiments, the cosine distortion relation was found
in the F0.75 transmission of the Fizeau interferometer [10,23].
After simulation, the distortion form is shown in Figs. 4 and 5.

Because the internal structure of the interferometer is un-
known, the distortion of the transmission sphere was obtained
by experimental measurement. As shown in the measurement
optical path (Fig. 6), a spherical surface with known points and
R number of 0.8 was tested by the interferometer. The coor-
dinates of the interference detection results were compared to
the known points. As a result, the edge distortion coefficient of
the F0.75 transmission sphere was 0.965 at the edge. In the
actual testing, distortion was compensated according to the
used position of the transmission sphere.

C. Mapping from CCD to Surface after Transmission
Sphere
The mapping from mirror to CGH was established by ray trac-
ing, and the mapping relation from CCD plane to VP plane
(virtual plane after transmission sphere) was obtained based
on affine transformation. As shown in Fig. 7, the mark coor-
dinates (named PCCD) and the coordinates on the VP (named
PVP) can be used to solve the affine transformation parameters.
Other test data would be equivalently transformed based on the
affine transformation parameters.

As shown in Fig. 7, in order to make the affine transformation
parameters as constant, i.e., k and Δθ, a new transformation co-
ordinate system xaoaya is needed. A pair of points on CCD and
VP, i.e., PCCD0 and PVP0, are shifted parallel to the origin of
xaoaya, and other points are shifted by the same amount.
The relationship between �xVPa, yVPa� and �xCCDa, yCCDa� can
be expressed in the polar coordinate system as follows:

�
rVPa � krCCDa
θVPa � θCCDa � Δθ , (2)

where

�
xa � r cos θa
ya � r sin θa

,

k is the zoom ratio, and Δθ is the rotation angle.
Hence, the affine transformation function can be expressed

as the following equation set. The (xCCD, yCCD) was obtained
from interference testing:

(
xVP � k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�xCCD − xCCDo�2 � �xCCD − xCCDo�2

p
cos�θCCDa � Δθ� � xCGHo,

yVP � k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� yCCD − yCCDo�2 � � yCCD − yCCDo�2

p
sin�θCCDa � Δθ� � yCGHo:

(3)

3. EXPERIMENT

A. SFM with Large Distortion
The SFMs were Zernike surfaces with plane symmetric terms
up to 41 to control the high-order off-axis aberrations due to
the extremely large field of view (FOV). For its curvature
change tempestuously, it needs high position pointing accuracy
for deterministic fabrication.

Fig. 4. Simulation of F0.75 transmission sphere.

Fig. 5. Cosine distortion of F0.75 transmission sphere: (a) distorted
points after transmission, and (b) uniform grid on mirror.

Fig. 6. Distortion calibration of the F0.75 transmission sphere.
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As shown in Figs. 8 and 9, the SFMs have long stripe shapes
that are difficult for mechanical mounting. A tradeoff is to make
the SFMs on a single 790 mm × 390 mm SiC substrate, then
fabricate and test the two mirrors together. The departure from
best sphere fit of the SFM shown in Fig. 10. This not only reduces
mounting difficulty, but also eases the whole system alignment.

B. Testing Optical Path Design
The layout of optical testing is shown in Fig. 11, and the first-
order design is finished. CGH was set 175.1 mm behind the
focus spot. The phase distribution of CGH was calculated as
shown in Fig. 11. As shown in Figs. 11(b) and 11(c), significant

mapping distortion exists in the test data. The uniform spot
diagram on SFM shown in Fig. 11(c) is traced to the distorted
spot diagram on CGH shown in Fig. 11(b).

As shown in Figs. 11(b) and 11(c), due to the size limit of
CGH, a serious mapping distortion exists. CGH design result
shown in Fig. 12, and CGH picture is Fig. 13. The distortion
coefficient is 0.6. Considering the cosine distortion of the trans-
mission sphere, the total distortion coefficient is 0.612. The
maximum position error for processing will reach 70 mm.
The mapping distortion must be corrected.

Fig. 8. Optical path in testing of the SFM.

Fig. 9. Dimensions of the SFM mirror.

Fig. 10. Departure from best sphere fit of the SFM.

Fig. 11. Optical layout for testing SFM: (a) testing layout, (b) dis-
torted spot diagram on CGH, and (c) uniform spot diagram on SFM.

Fig. 12. CGH design based on ray tracing: (a) CGH function
zones, (b) result of polynomial fitting, (c) sketch of ray tracing,
and (d) result of ray tracing.

Fig. 7. Schematic diagram of the affine transformation relationship
between CCD and CGH.
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C. Distortion Correction and Accuracy Check
The misalignment was checked by calculating the difference of
mark image positions, which were measured by the profilom-
eter. As shown in Table 1, Ex and Ey are the misalignments in
the x and y directions, and E synthetist is the synthetical error; the
maximum synthetical position error is 0.783 mm, which can
satisfy the requirement of IBF.

Before final polishing, the surface error is 0.087λ RMS. The
final polishing by IBF is shown in Fig. 14 and its result is shown
in Fig. 15. Even though the IBF process can further improve
the figure accuracy, 0.0433λ RMS already meets the specifica-
tion defined by the prototype designer.

4. CONCLUSION

Freeform surfaces bring better performance in optical systems,
but they are hard to test and fabricate. In this paper, a mapping
distortion correction method was proposed in null testing of free-
form surfaces. To improve the mapping distortion efficiency and
generate improved precision, the freeform testing was separated
into three parts and calibrated respectively to improve precision.
The proposed distortion correction method is simple, rapid, and
operable. Results show that the high-precision accuracy could
satisfy deterministic fabrications, such as magnetorheological fin-
ishing (MRF) and IBF.
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