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Abstract: Optical aspheres are demanded with extremely high precision to meet functional require-
ments in space telescopes, extreme ultraviolet lithography, and other modern large optical systems.
The nano-precision fabrication of optical aspheres requires high-precision measurements to guide
deterministic optical processing. Null test is the preferred method for high-precision measurements.
Null optics are required to compensate for the incident wavefront in the null test of optical as-
pheres. However, wavefront aberrations caused by the transmission flat or transmission sphere
of interferometer and null optics can limit measurement accuracy and need to be separated. A
nano-precision measurement method is proposed for the even optical aspheres of high order in
this paper. A computer-generated hologram is used as a null optic to realize a null test on optical
aspheres. Mapping distortion correction is performed on the measurement results to ensure that the
transverse coordinates of the measurement results correspond correctly to those of the test surface.
Absolute testing is applied to separate the wavefront aberrations caused by the computer-generated
hologram and interferometer optics. Finally, the results obtained by this method were used to guide
deterministic optical processing, enabling the nano-precision fabrication of optical aspheres.

Keywords: interferometry; null test; computer-generated holograms; optical aspheres

1. Introduction

Optical aspheres have the incomparable superiority of flats and spheres in improving
image quality, correcting system aberration, and reducing system size and weight [1].
They have been widely used in large optical systems under extreme usage conditions,
such as space telescopes [2], extreme ultraviolet lithography (EUVL) [3], and inertial
confinement fusion (ICF) [4], to meet the functional requirements of the devices. Due to the
mature development of ultra-precision machining technologies such as Magnetorheological
Finishing (MRF) [5,6] and Ion Beam Figuring (IBF) [7-9], the surface shape accuracy of
optical aspheres has been able to reach the nanometer scale. For example, the surface
shape accuracy of projection optics for extreme ultraviolet lithography has been better
than 0.1 nm [10]. Measurement results guide the deterministic optical processing, which
means that machining accuracy is directly limited by that of measurement. Therefore, a
precondition for realizing a breakthrough in the accuracy of surface shape is to improve
the accuracy of measurement.

A number of methods have been used to achieve the high-accuracy measurements
of optical aspheres, such as Sub-aperture Stitching Interferometry (SSI) and interferom-
etry with compensators [11-17]. Sub-aperture Stitching Interferometry has enabled the
high-precision measurements of non-rotationally symmetric optical freeforms and guided
processing, resulting in the convergence of the error of freeform surface shape from 76 to
11 nm RMS [11]. Annular Sub-aperture Stitching Interferometry (ASSI) has been validated
on steep aspheric and the measurement accuracy can reach the nanometer scale [12]. Using
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a computer-generated hologram (CGH) as a null compensator can realize a null test of
optical off-axis aspheres with high accuracy [13,14]. The mid-spatial frequency error of
large aperture long-focal-length lenses can also be accomplished with high accuracy with
the help of CGH and the RMS of the measurement results has reached the sub-nanometer
level [15]. A novel SSI method based on monoscopic deflectometry has achieved the
measurement of large aperture optical aspheres by rotating the measured mirror, and the
system error has been calibrated [16]. The combination of SSI and the null compensator
has completed the high-precision measurement of 320 mm large aperture optical asphere,
realizing the null test of SSI [17]. Therefore, the null test is the preferred method to achieve
the high-precision measurement of optical aspheres.

It is necessary to use absolute testing to separate the system error of interferometry
when the accuracy of the test surface is comparable to that of the transmission flat (TF)
or transmission sphere (TS). The two-sphere method, the three-flat test, the shift-rotation
method, the N-position method, etc. are the commonly used absolute testing methods
that are able to separate the system error to break through the measurement limits [18-22].
For example, eight rotation positions can be measured to separate the non-rotationally
symmetric system errors of the lateral shearing interferometer [18]. The combination
of the three-flat test and the N-position method has made it possible to measure large
aperture optical flats up to 800 mm with nano-precision [20]. A new absolute testing
method combining the even and odd function method and the three-flat test method is
proposed, and with the help of a dedicated rotating device, in situ absolute testing can be
realized on an interferometer with an aperture of 600 mm [21]. The combination of the
N-position method and the random sphere method can separate the interferometer system
error and the CGH error one by one, realizing the absolute testing of an optical asphere
with an aperture of 300 mm, and the deformation due to fixture mounting and gravity is
also taken into account [22]. Consequently, absolute testing is the key to pushing the limits
of measurement accuracy.

In this paper, a high-precision measurement method applicable to even aspheres of
high order is proposed to realize the null test with a CGH. Absolute testing is used to
separate system errors and ultimately, the nano-scale precision measurement is realized.
Techniques such as mapping distortion correction and image recognition are involved in
the method proposed. The method of measurement is described in detail in Section 2.
Experiments are carried out in Section 3 and the measurement results are obtained.

2. Methods
2.1. Null Compensation Interferometry with a CGH

The null test is the preferred method of optical measurement. For optical aspheres, null
optics are required to achieve the null test. CGH is a commonly used compensator, which
works like a diffraction grating with variable period and has curves in the pattern [23]. The
phase of the incident wavefront passing through the CGH is modulated and transformed
into a test wavefront that is consistent with the ideal surface shape of the test optical
asphere, thus accomplishing the null test of the asphere. Therefore, the design of the phase
function is crucial for a CGH to work properly and determines the diffraction pattern on the
CGH. The diffraction pattern is a contour plot of the phase function intercepted according
to a certain duty cycle. A single etched period on the diffraction pattern allows a phase
modulation of the incident wavefront by 2 mm where m is the order of diffraction. CGHs
are categorized into amplitude-type and phase-type. Diffraction patterns on the substrate
are created using raster scanning beam writing. A phase-type CGH is used in this paper
and its phase distribution of the test hologram is shown in Figure 1. The design parameters
of the test hologram are shown in Table 1.
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Figure 1. The phase distribution of the test hologram on the CGH.
Table 1. The design parameters of the test hologram.
Design Parameter Setup Design Parameter Setup
Type Phase-type Average period 0.0073 mm
Size 89.2 mm Carrier frequency Tilt with 1.45°
Minimum period 0.0018 mm Etching depth 0.5 um
Maximum period 2.7045 mm Duty cycle 0.5

A CGH often uses its +1 order diffraction for wavefront transform. However, other
diffraction orders, such as 0 order, —1 order, etc., can have an effect on +1 order diffrac-
tion, creating ghost images in the interferometer and interfering with the measurement.
Adding a carrier to the phase function of CGH to separate the other diffraction orders
can effectively eliminate the effect of ghost images. Tilt carriers and power carriers are
common choices [24,25]. A tilt carrier of 1.45° is applied to the CGH used in this paper to
eliminate the effects of ghost images. Moreover, a pinhole with a radius of 3 mm is used to
examine the ghost image in the Multi-Configuration of Zemax (v.2020), which shows that
the applied tilt carrier eliminates the effect of other interfering diffraction orders.

Figure 2 shows the optical layout for the null test of an optical asphere with a CGH
in this paper. In addition to the hologram used for the null test, alignment hologram and
positioning hologram are also designed on the CGH [26,27]. The alignment hologram is
used to adjust the relative position of the CGH to TF or TS. The positioning hologram is
used to adjust the relative position of the test surface to the CGH. Although the diffractive
structure period of CGH is larger at spherical wavefront incidence, the optical cavity
length is too long in this case, which is about 500 mm. Consequently, a 6-inch TF is
applied to produce parallel light incident on the CGH. The substrate of CGH is made
of quartz with a certain thickness. When parallel light enters the substrate from the air,
there is some distortion in the incident wavefront due to the change in refractive index.
In order to eliminate the effects of substrate thickness and refractive index variations, the
diffraction pattern was fabricated on the lower surface of the substrate. The optical layout
of measurement and the CGH are designed in Zemax (v.2020).
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Figure 2. The optical layout of the optical asphere null test. The blue line represents the test beam.
The red line and the purple line represent the positioning beam. The green line represents the
alignment beam.

Parallel light selected as the incident wavefront is also intended to facilitate the
subsequent calibration of the substrate error of the CGH by absolute testing using the same
optical layout [28].

2.2. Correction of Mapping Distortion for the Result of Surface Shape

Mapping distortion often occurs in null tests on optical aspheres and freeforms. It is
characterized by a nonlinear mapping of the transverse coordinates on the test surface to
the transverse coordinates on the imaging surface of the interferometer. Mapping distortion
is mainly caused by the incomplete imaging of light as it passes through the optics of the
interferometer or null optics [29,30]. The occurrence of mapping distortion means that
the image of the interferometer does not truly reflect the height distribution of the surface
shape of the test surface in the transverse direction. That is unacceptable for high-precision
deterministic processing, as the measurement result does not guide the process to accurate
material removal at the exact location on the test surface. Consequently, it is necessary to
correct the mapping distortion of the measurement results when using CGH for null tests
on optical aspheres.

A pure ray tracing method is the mapping distortion correction method used in this
paper. Dense rays are applied to trace the coordinate of the test surface to ensure that a
sufficient number of feature points are used for correction. Since the transverse coordinates
on the test surface and the imaging plane of the interferometer are not simply linearly
proportional, we choose the TF as a transit surface in order to facilitate the calculation of
the mapping relationship, as shown in Figure 3. Denote the coordinate of the point on the
test surface as (x¢, y;), the point on the CGH as (x., y.), the point on the TF as (xf, yf), and
the point on the imaging plane as (x, yp).

Find two feature points (xp1, yp1) and (xp2, yp2) on the imaging plane, corresponding
to (x¢1, yr1) and (x¢p, yi2) on the test surface, respectively. Then, (xﬂ, yﬂ) and (xfz, yfg) are
the corresponding points on the TF traced through rays. The transverse coordinates on the
TF are linearly related to those on the imaging plane by the following relationship:

\/(xﬂ — xf2>2 + (yfl —]/fz)2

4= 2 2 M
\/(xpl —xp2)" + (Yp1 — Yp2)
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Figure 3. Tracing rays in mapping distortion correction.

Based on the relationship a, the coordinates of all the points on the TF corresponding
to the imaging plane can be calculated as follows:

xp=a(xp—xp1) +xp1 (2)

yr=alyp —yp) +vn (3)

The tracing rays can be used to establish a one-to-one correspondence between the
points on the test surface (x;, yy) and the points on the TF (x;, y¢). At this point, the
correspondence between the transverse coordinates of the points on the test surface and
those of the points on the imaging plane has been successfully established. The tracing
rays can be set dense enough to avoid a lack of fiducial marks. Finally, the correction is
completed by using linear interpolation for data completion to form a complete error map
in the height direction of the test surface. Zemax can be used to track the rays.

2.3. Absolute Testing of Optical Aspheres

Absolute testing can improve measurement accuracy down to the nanometer scale. An
absolute testing method suitable for rotationally symmetric aspherical surfaces is used in
this paper, which is a combination of the shift-rotation method and the N-position method.
Details can be found in previous work [31].

The measurement result of the null test on an optical asphere with a CGH can be
expressed as follows:

W(X,y) = WR(X,y) + WCGH(xry) + WT(X,y) 4)

where Wg(x,y) is the deviation of the reference surface, Wegy(x,y) is the wavefront
aberration due to the CGH, and Wr(x, y) is the surface shape of the test surface.

Wi(p,0) = Wr(p,0) +Wegn(p,0) +Wr(p,0)
Wa(p,0 + @) = Wr(p,0) +Wcgu(p,0) +Wr(p,0 + @)

()
Wn(p, 0+ (N —1)¢) = Wr(p,0) +'WCGH(Pr9) +Wr(p,0+(N—-1)g)

where N = %T and ¢ is the angle at which the test surface rotates around the optical axis
each time.
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A reverse rotation operation is performed on Equation (5), after which all the results
are summed and averaged to obtain the following:

Wager(x,y) = W;ym(x,y) + WémeH + Wr(x,y) (6)

where W™ is the rotationally symmetric component of the wavefront distortion.

Subsequently, the test asphere is replaced with a high-precision optical flat. Measure-
ments at 4 positions are taken to calibrate the errors of the CGH and the reference surface.
The results obtained are denoted as follows:

Wi(x,y) = Wr(x,y) + Ween (x,y) + WE(x, )
Wa(p, 0 + A8) = Wr(p,0) + Wegh(p,0) + Wr(p, 0 + A0) %
Ws(x + Ax,y) = Wr(x,y) + Wegu (x,y) + We(x + Ax, y)
Wy(x,y + Ay) = Wr(x,y) + Ween (x,y) + WE(x,y + Ay)

where Wg(x,y) is the surface shape error of the test optical flat, Ax is the distance of the
test surface translated along the x-axis direction, Ay is the distance of the test surface
translated along the y-axis direction, and A#f is the angle of the test surface rotated about
the optical axis.

Reverse the results of Equation (7) and subtract the last three terms from the first to
obtain the following;:

— Wi(p,0) = Wr(p, 0 — AB) — Wr(p,0) + Wegr(p, 0 — A8) — Wegr (0, 0)
Wy (x,y) — Wi
Wi(x,y) —

(x,y) = Wr(x — Ax,y) — Wr(x,y) + Wegn (x — Ax,y) — Wegn (%, y) (8)
Wi(x,y) = Wr(x,y — Ay) — Wr(x,y) + Wegn (%, y — Ay) — Wegn (X, y)

The surface shape is reconstructed by Zernike polynomials and the rotationally sym-
metric components are extracted as follows:

W (x,y) = W™ (x,y) + Wk (%, 1) 9)

The absolute surface shape of the test asphere Wr(x, y) can be obtained by subtracting
Equation (6) from Equation (9).

3. Experiments and Results
3.1. Experimental Setup

The phase distribution and design parameters of the CGH used in the experiments
have been described in detail in Section 2.1. The absolute testing experiments in this paper
are performed in a 6-inch Zygo vertical interferometer working at 632.8 nm. A 6-inch TF is
used as the lens. A 4-inch TF is applied as the high-precision optical flat to calibrate the
system error of the CGH and interferometer. A piece of even optical asphere of high order
with an aperture of 230 mm is used as the test surface.

The setup and optical layout of the N-position method of the optical asphere are shown
in Figure 4. A high-precision rotation stage is used to realize the rotational transformation
of the test surface around the optical axis.

The system error is calibrated by replacing the optical aspheric with a 4-inch TF
with dimensions that satisfy the calibration of the test hologram for the CGH. The optical
layout and the actual experimental setup are shown in Figure 5. Measurements need to be
taken at 4 different positions to fulfill the requirements of the shift-rotation method. The
high-precision rotation stage also works in this case.
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Figure 4. The setup of the optical asphere using the N-position method. (a) The optical layout. The

red line represents the test beam and the arrow points in the direction of the original position; (b) the
actual experimental setup.

(a) (b)

Tilt=1.45°

TF

CGH | i)

Test surface | 1 |
Ax or Ay

Figure 5. The setup of the high-precision flat using the shift-rotation method. (a) The optical layout.
The red line represents the test beam and the arrow points in the direction of the original position;
(b) the actual experimental setup.

3.2. Results and Discussion

In the initial stage of processing optical aspheres, turning and grinding are applied
to complete the rough machining of the blank. After that, Single-Point Diamond Turning
(SPDT), ultra-precision grinding, and other technologies are used to complete the finishing
processing. At this stage, the RMS of the surface shape error of the optical asphere can
converge from several wavelengths to within one wavelength. When interferometry is
performed, the fringes can be very dense and make it difficult to analyze, resulting in
incomplete measurement results. A non-contact profiler is a good choice to solve this
problem, which can quickly and accurately measure the error of the surface shape of
complex optical components. The non-contact profiler from DUI is employed to measure
the surface shape of the optical asphere during the stage of MRF. The result is shown in
Figure 6 and the uncertainty of measurement is within 15 nm.
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Figure 6. The measurement result of non-contact profiler.

With the gradual convergence of the RMS of the surface shape error, the optical asphere
has to enter the stage of IBF. IBF accomplishes the accurate removal of material from a
defined location on the surface. The accuracy of non-contact profilers is no longer sufficient
to meet the requirements. The null test with CGHs is desired now, which is carried out
in a 6-inch Fizeau interferometer that works at 632.8 nm. Mapping distortion can also
affect the accuracy of material removal. The results before and after mapping distortion
correction are shown in Figure 7, and mapping distortion correction is completed in Matlab
(v.R2020Db). It is clear that the PV and RMS of the surface shapes before and after correction
have changed because the transverse coordinates of the imaging plane have been corrected
and new data points have been generated by linear interpolation. The mapping profile
looks similar before and after the distortion correction. That is because the test optical
asphere is rotationally symmetric and the test hologram of the CGH used in the experiment
is circular. No serious mapping distortion occurs when a plane wavefront passing through
a test hologram becomes an aspherical wavefront.

Figure 7. The results of the null test with a CGH before and after mapping distortion correction.
(a) Before mapping distortion correction; (b) after mapping distortion correction.

The surface shape error of a TF PV is about A/20, where A is 632.8 nm. The RMS of
the wavefront distortion caused by the CGH substrate used in this experiment is around
6 nm. When the surface shape error of the optical asphere converges to about 10 nm,
the wavefront distortion caused by the TF and CGH can no longer be ignored. Absolute
testing should be applied to separate errors. Two sets of absolute testing experiments
have been carried out using the method described in Section 2.3. A 4-inch TF is applied
as a high-precision optical flat to calibrate the error of the CGH and the 6-inch TF and
measurement results of four positions (origin position, X-position, Y-position, and rotation
position) are shown in Figure 8. It is clear that the results of the four positions do not vary
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much. That is because the object that undergoes the position change is a 4-inch TF with a
PV of about A/40, which is more accurate than the system error.

139.420

5-319

-212.99

Figure 8. The results of the four positions of the 4-inch TF. (a) Origin position, (b) rotation position,
(c) X-position, and (d) Y-position.

Image recognition is applied to determine the amount of translation of the 4-inch TF
along either the x-axis direction or the y-axis direction. Three feature points are marked
on the test surface and pictures are taken using the CCD of the interferometer. Feature
points are identified by setting the gray scale thresholds and their coordinates are obtained
in Matlab, as shown in Figure 9. Each time the test surface undergoes a translational
transformation, feature points need to be set and their coordinates are recorded, as shown
in Table 2. The effect on the absolute testing results is within 0.1 nm when the translation
error is controlled within one pixel, which is shown in our previous work [31]. In the
experiment of the shift-rotation method, Ax is 18.78 pixels, Ay is —17.70 pixels, and Af is
90°. In the experiment of the N-position method, ¢ is 30° and the test surface is measured
12 times. Figure 10 illustrates the results of the absolute testing of the optical asphere
and the system error. Since the first 200 Zernike polynomials are used to process the
measurements of the shift-rotation method, the results in Figure 10b obtained in Matlab
lose some mid-frequency and high-frequency information compared to Figure 8. The
results obtained by the method proposed in this paper guide IBF for deterministic material
removal and the RMS of the surface shape error of the optical asphere converges to 4.85 nm,
as shown in Figure 11.
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(b)

X 628.342
Y 375.249

@)

X 347.485
Y 463.04

X 533.101
Y 657.628

)

Figure 9. Image recognition of the coordinates of feature points. (a) Image of CCD; (b) coordinates of
the feature points.

Table 2. Coordinates of the feature points at translation positions.

Unit: Pixels X1 Yy Xo Y, X3 Y3 Average
Origin 347.48 463.04 628.34 375.25 533.10 657.63
Position
X-Position 328.50 463.12 609.75 375.17 514.30 657.65
Ax ~18.98 ~18.59 ~18.80 ~18.78
X-Y-Position 380.99 385.94 666.65 539.39 437.19 722 .84
Y-Position 381.09 368.29 666.55 521.90 437.13 704.89
Ay ~17.65 —17.49 ~17.95 ~17.70

Figure 10. The results of the absolute testing of the optical asphere and the system error. (a) The
result of the optical asphere with the N-position method, Wjzer; (b) the result of the system error with
the shift-rotation method, W;s.

In summary, the proposed method consists of four stages: non-contact profilometer
measurement, null compensation interferometry with a CGH, mapping distortion correc-
tion, and absolute testing. The measurement results guided deterministic material removal
and successfully converged the RMS of the surface shape error of the optical asphere from
76.69 to 4.85 nm, realizing the nano-precision manufacturing of optical aspheres. We have
tried to keep the effect of each error on the results within 0.1 nm, such as noise, translation
error, and rotation error. A detailed error analysis of the measurement process can be found
in our previous work [31].
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+127.26

273.470

4.848

Figure 11. The absolute surface shape of the optical asphere obtained by the absolute testing method
proposed in Section 2.3.

4. Conclusions

The accuracy of deterministic material removal processes, such as MRF and IBF, is
limited by the accuracy of the measurements. The key to realizing the nano-precision
manufacturing of optical aspheres is the improvement of measurement accuracy. In this
paper, a nano-precision measurement method is proposed for even aspheres of high order.
The method uses a combination of non-contact profiler and interferometry to achieve a mea-
surement articulation during the surface shape accuracy of optical aspheres varying from
low to high. The correction of mapping distortion ensures correct correspondence between
the measurement results and the test surface shape in transverse coordinates, improving
the accuracy of material removal. The null test of the optical asphere is accomplished by
using a CGH as a null optic. Finally, the wavefront aberrations introduced by the CGH and
TF are separated by absolute testing and the absolute surface shape of the optical asphere is
obtained. The method proposed in this paper guided deterministic processing to converge
the RMS of the surface shape error of the optical asphere from 76.69 to 4.96 nm, successfully
realizing the nano-precision manufacturing of optical aspheres. A single measurement
method can no longer be sufficient for monitoring the surface shape of optical elements
during the entire process of manufacturing. The combination of contact and non-contact
measurement, the combination of non-contact and null test, etc. has become more common
in the measurement of optical components. The proposed method is also an example of the
combination of different methods, along with the application of methods such as absolute
testing and mapping distortion correction, which greatly improves measurement accuracy.
This method is very effective in guiding the high-precision manufacturing of even optical
aspheres of high order, and is expected to realize a breakthrough in the existing optical
processing accuracy.
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