Optics and Lasers in Engineering 161 (2023) 107350

Contents lists available at ScienceDirect :
OPTICS and LASERS

in ENGINEERING

Optics and Lasers in Engineering

journal homepage: www.elsevier.com/locate/optlaseng

Wavefront optical spacing of freeform surfaces and its measurement using )

CGH interferometry S
Xin Zhang®", Haixiang Hu®"*, Donglin Xue®"*, Qiang Cheng®", Xi Yang®", Wa Tang?,
Guanbo Qiao®P, Xuejun Zhang*"

@ Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun, Jilin 130033, China
b University of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Keywords:

Freeform surface

Interferometric compensating test
Wavefront optical spacing

Cat-eye computer-generated hologram

For optical surfaces, the distance between the wavefront at ideal design position and that at real surface testing
position along the wavefront propagation direction is an important parameter. It determines the on-axis curvature
deviation and best-fit sphere radius of the surface under testing, and thus, affects the optical distance, effective
focal length, and tolerance design of the optical system. We define the distance as wavefront optical spacing
(WOS or spacing d). The analytical form of the WOS can be utilised in critical tolerance balancing, and its test
results can aid in optical system redesign. Aiming at a computer-generated hologram (CGH) interferometric test,
in this study, we propose the WOS concept and deduce the coupling relation between the surface error and
spacing d, particularly in freeform surface conditions. A cat-eye CGH interferometric method was presented to
test the spacing error within a precision of several microns. The simulation and error budget demonstrate that this
method can measure the WOS of freeform surfaces. The experimental results indicate that the metrology accuracy

is 10.2 + 4.3 ym (P = 95%) (absolute accuracy), 4.5 um (repeatability), and 2.1 ppm (relative accuracy).

1. Introduction

In the design of optical systems, freeform surfaces are widely used in
military, aerospace, automobile, and illumination applications to meet
the requirements of correcting aberrations, effectively simplifying struc-
tures, and improving image quality [1-5]. The final performance of an
optical system depends on several factors. In addition to the optical de-
sign, the quality of the surface, geometric parameters, and adjustment
position play a significant role [6,7]. Simply viewed, the most impor-
tant factors for high-precision optical systems are surface figure quality
and geometric parameters [8]. The interferometric compensation test,
one of the most effective means of testing nano-accuracy freeform sur-
faces, is widely employed in optical surface figure testing [9,10]. Under
the condition of the interferometric compensation test, six degrees of
freedom exist for testing the geometric parameters. Among them, two
translational degrees of freedom, perpendicular to the optical axis, and
three rotational degrees of freedom are strictly limited by the designed
interferometric compensator, which are adjustment quantities. The re-
maining degrees of freedom along the wavefront propagation direction
are limited by the optics, which is an eigenvalue. In the interferometric
compensating test, owing to geometric parameter error, the real surface
has a distance along the direction of wavefront propagation with the

ideal design surface, making the real surface mismatch the ideal design
wavefront. We define the distance between the wavefront at the ideal
design position and that at real surface testing position along the wave-
front propagation direction as wavefront optical spacing (WOS or spac-
ing d), as shown in Fig. 1. The WOS determines the focal length of the
optical element and affects the tolerance design and system adjustment
of an optical system. The analytical form of the WOS can be used for
critical tolerance balancing, and its test results can be helpful in optical
system redesign. In addition, the WOS has different forms for different
surfaces. As shown in Fig. 1(a), spacing d is defined as the radius of
curvature error in the test process for spherical surfaces. Additionally,
for aspheric surfaces, as shown in Fig. 1(b), spacing d affects the vertex
radius of the curvature and conic constant. For freeform surfaces, the re-
lationship between the spacing d and the wavefront becomes complex,
as shown in Fig. 1(c). The existence of WOS introduces extra surface
testing error, affects the surface test results, and has an impact on the
imaging quality of the optical system.

Accurate measurement of WOS is important for high-precision opti-
cal systems. Some techniques to test the radius of curvature or vertex
radius of curvature and conic constant under the conditions of the inter-
ferometric compensation test have been applied. Generally, test methods
can be divided into contact and noncontact measurements [11]. Con-
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Fig. 1. Sketches of wavefront optical spacing. (a) Spherical surface. (b) Aspheric surface. (c) Freeform surface.

tact measurements mainly include the laser tracker, spherometer, and
coordinate measurement machine (CMM) method [12-15]. However,
contact measurements pose the risk of scratching the surface [16]. Non-
contact measurements have been widely used in many forms to measure
the radius of curvature, vertex radius of curvature and conic constant
[17,18]. Baiocch and Burge presented a method in which the first two
orders of the diffractive wavefront of the hologram were directly pro-
jected onto the test board through the projection lens to measure the
relative curvature radius error of the segmented mirrors. The measure-
ment accuracy is 30 ym [19]. Yi et al. proposed a compensatory method
that employed a separated double lens as a compensator to measure the
radius of curvature with a relative error lower than 4.2 x 10~4. This
method requires a long displacement platform [20]. Yang et al. mea-
sured the radius of curvature of a sphere based on the wavefront dif-
ference method using a pinhole point diffraction interferometer, and
the relative measurement precision was of the order of 10~4 [21]. Hao
et al. proposed partial compensation interferometry measurement sys-
tem based on the theory of slope asphericity and the best compensation
distance to obtain the vertex radius of curvature and conic constant er-
rors. The relative measurement accuracy could be better than 0.02% for
the vertex radius of curvature error and 2% for the conic constant error
[22]. Pi presented an interferometric method which compares the test
surface with a spherical reference wavefront to determine the parent
radius of curvature and conic constant of conic surfaces. This method
requires moving mirror and measuring distance in addition to interfer-
ometric measurement [23]. Although some methods can measure the
WOS under the condition of an interferometric compensating test, there
are some weaknesses, such as incapability to obtain the absolute er-
ror value of the curvature radius, complex installation or algorithm, re-
quired long displacement platforms and inapplicability to freeform sur-
face measurements [24,25]. In this study, a method to measure the WOS
of freeform surfaces utilizing the principle of computer-generated holo-
gram (CGH) compensation [26-30] and cat-eye interferometry [31] is
proposed. An extra cat-eye zone is designed using a traditional CGH
compensator. The surface figure and WOS of the freeform mirror can
be tested simultaneously with absolute evaluation by employing this
method. The experimental device is simple and easy to operate.

The remainder of the paper is organized as follows. In Section 2, the
concept of WOS is proposed, and the coupling relationship between the
surface error and spacing d is deduced. The cat-eye CGH interferometric
method to test the WOS is presented, and the reduction calculations of
the spacing d are provided. Simulations and error budgets were also
performed. In Section 3, the repeatability experiment and methodology
verification of the proposed method are presented. A discussion of the
experimental results and conclusions are presented in Sections 4 and 5,
respectively.

2. Theory

In the interferometric compensating test, a finely designed compen-
sator (null lens or CGH) was employed to modulate the wavefront to
the nominal wavefront matched with the nominal surface at the ideal
design position. Owing to the existence of the WOS on the surface, the
real testing wavefront differs from the nominal wavefront, resulting in
a surface testing error.

By defining the nominal surface as a freeform wavefront in space,
this nominal freeform wavefront can be expressed as W, (x, ¥), which
is characterised by W(0,0) =0. The nominal freeform wavefront can be
written as:

Wy(x,y) =

21 ,2)/R c
(x*+5%)/ + Y A Zi(x.y). Wy(0.0) =0

T/l -G+ (2 +)2) /R =
(1

Here, R is the vertex radius of curvature, x is the conic constant,
and Z; (x, y) and A; are the Zernike polynomial and coefficient, respec-
tively. Owing to the spacing d, the transformation form of the nominal
wavefront is expressed as:

Po(x, 3 Wo(x,») = p(x+a-d,y+f-d. Wolx,y)+7 - d) ()

Here, a, f§, and y represent the coordinate components of the normal
vector of the nominal freeform wavefront in the x, y, and z directions,
respectively. The nominal freeform wavefront’s corresponding normal

1 ow, oW,
ox

vector can be expressed as:
3 ,l> 3)
2 2 y
Wy Wy
\/ (5e) + () +1

The existence of spacing d causes a surface testing error. The expres-
sion between the surface testing error §W and spacing d is as follows:

2 2 2 2
(2e) s (22) +1+\/<m) (2) 41
d ox dy ox dy
sw=-"_=4d. @
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The aberrations caused by spacing d can be obtained from the above
equation. Considering the aspheric surface as an example, the relation-
ship between the spacing-introduced geometric parameter R’ and spac-
ing d on the vertex radius of curvature can be written as:

fi=n/n|=(aB,y)=

R =R-d 5)

The positive spacing d is shown in Fig. 1, and the radius of curvature
of the concave surfaces from left to right is negative.
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Freeform surface

Fig. 2. Cat-eye optical layout diagram.

In the case of d<R, derived from the geometric relationship, the
spacing-introduced conic constant x” can be expressed as:

k' =k+(d/R) Kk (6)

The WOS impacts the optical element and not just the radius of cur-
vature. For example, the WOS results in curvature radius and conic con-
stant changes in the aspheric surface, which affect the tolerance distri-
bution of the optical design. For freeform surfaces, the impact on the
wavefront is complex. Therefore, under the condition of interferomet-
ric compensation, it is necessary to develop an appropriate method for
testing the spacing d of the freeform surfaces.

2.1. Refine description of cat-eye CGH

The cat-eye interferometry test method has been extensively adopted
for the curvature radius measurements of spherical surfaces. When the
measured surface is at the cat-eye position, the spherical wavefront emit-
ted by the interferometer is reflected by the measured surface and sym-
metrically returns to the interferometer to form the cat-eye position in-
terferometry. The wavefront of traditional cat-eye interferometry is pro-
duced by a standard spherical lens, and a long rail is required to measure
surfaces with large curvature radius [31,32].

In the CGH interferometric compensating test, our designed CGH
compensator modulates the original divergent spherical wavefront to a
convergent spherical wavefront, and the convergence point is at the po-
sition of the nominal surface. The point on the freeform surface, whose
normal direction is perpendicular to the CGH, is regarded as the cat-eye
position. Through the optical layout, the surface figure is measured by
a nominal freeform wavefront (blue divergent beam), while the WOS
is measured by a convergent wavefront (red convergent beam), both
generated by the CGH simultaneously, as shown in Fig. 2.

According to Eq. (7) [33]:

1
A =—d. . — 7
w(x, y) SF2 @)

Here, d is the distance error at the cat-eye position and Aw repre-
sents the wavefront change due to the induced distance error, which is
expressed as the peak-to-valley (PV) of the power. F=f/D, where f is the
focal length and D is the entrance pupil diameter. The spacing d can
be obtained from positive or negative power values.As shown in Fig. 3,
three zones were designed on the CGH to accurately test the WOS of the
freeform mirror. These are the alignment, cat-eye, and main zones. The
alignment zone wavefront is aimed at aligning the interferometer with
the CGH. The main zone wavefront can be used to test the freeform sur-
face. Simultaneously, the cat-eye zone wavefront was employed to test
the WOS. To roughly align the interferometer and freeform mirror, four
fiducial zones projecting four marks around the mirror edge were added
around the CGH main zone.

Because of the coupling relationship between the surface error and
the WOS, their measurements should be performed on the same bench-
mark, and high-precision spacing d testing is based on high-precision
surface figure testing. In the testing, the alignment zone and main zone
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aberrations are appropriately adjusted to the minimum to align the in-
terferometer, CGH compensator, and freeform mirror. In this case, the
freeform surface can be tested through the main zone wavefront, and
the WOS through the cat-eye zone wavefront.

According to the principle of geometric optical imaging,

1_1
I !
where [ is the distance from the focus of the interferometer to the CGH,
I’ is the distance from the CGH to the mirror, and f ’ is the equivalent
focal length of the CGH. After differentiating both sides of Eq. (8), the
following is obtained:

é_o_ﬁag ©
=(1-1)e.

Here, ¢, is the position error of the CGH and ¢ denotes the cat-eye
testing error caused by the CGH position error.

The CGH substrate can be equivalently considered as a plane-parallel
glass plate, and a slight longitudinal displacement is produced in the
optical layout. The displacement m can be written as:

1

m="=1, (10)
n

Here, n is the substrate refractive index and t denotes the thickness
of the substrate. Because the CGH scribing surface is on the rear surface
[34], the substrate thickness of the CGH must be added to the object-side
distance. By substituting Eq. (10) into Eq. (9), we obtain,

(s
e=(1- e (1
(I +1=m)?

It is necessary to consider the thickness of the CGH substrate, as
well as the slight longitudinal displacement generated by the substrate.
Eq. (11) yields the spacing d error of the mirror caused by the CGH
position error.

2.2. Synthesis of calculation formula

According to Egs. (7) and (11), in the WOS testing, measurement er-
ror d; caused by the CGH alignment error, measurement error d, due to
the main zone power (PV) caused by mirror position error, and the mea-
sured spacing d3 through the cat-eye zone can be calculated as follows:

4R 12
dy = Dzn"() (12)
41%
dy = =0
3 D2 2

Here, o, denotes the power (PV) of the CGH alignment zone, D is
the calibre of the CGH alignment zone, D, is the mirror diameter, Ry is
the distance from the focal point of the interferometer to the mirror, o,
is the power (PV) of the main zone, Dy denotes the calibre of the CGH
cat-eye zone, and o, represents the power (PV) of the cat-eye zone, as
shown in Fig. 4. All the labeled parameters in this figure are positive,
and they follow the rule that the beam travels positively from left to
right.

According to Eq. (12), the position errors of the CGH and mirror can
be compensated, and the spacing d with high precision can be derived
as

d=—d, —d, + dy (13)

The diameter of the concave freeform mirror to be analysed was
320 mm. The nominal radius of curvature, R, was —2139.854 mm. The
freeform surface of the mirror was represented by standard Zernike poly-
nomials, as listed in Table 1.

The contribution of the power values for each zone to the optical lay-
out was analyzed quantitatively, and the results are presented in Table 2
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Freeform mirror

Freeform mirror

Interferometer

Fig. 4. Schematic of the geometric model for the cat-eye method.

Table 1

Zernike coefficients of the freeform surface (in

mm).
Term Value Term Value
q 1.680 x 1072 a, 1.083 x 1075
a, -2150x 1072 aj, 3.041 x 10
a, 1.038 x 102 a ~8.082 x 1077
ag -1.148 x 1071 ay -1.050 x 1077
a, 1.631 x 1072 s 4.973 x 1077
ao 1.110 x 1073 s 3.347 x 108
a, 5.300 x 10~ Ay ~5.594 x 10~
a, 1.135 x 1074 g ~1.005 x 10~°

Table 2
Contribution rate of each zone to the optical layout.

Power Effect on the optical
aberration layout (ym) Contribution rate
RSS Monte Carlo
Alignment zone 0.0141 0.3 0.6% 0.6%
Cat-eye zone 0.014 3.7 92.6% 92.9%
Main zone 0.014 1.0 6.8% 6.5%

Table 3
Contribution rate of each zone to the spacing d test.

Effect on the

Power wavefront optical
aberration spacing d (ym) Contribution rate
RSS Monte Carlo
Alignment zone 0.014 3.3 42.6% 42.1%
Cat-eye zone 0.014 3.7 53.5% 54.0%
Main zone 0.014 1.0 3.9% 3.9%

(A = 632.8 nm, hereinafter inclusive). Table 3 shows the contribution of
the power values for each zone to the spacing d test.

According to the performed analysis, the contribution to the spacing
d test results is the greatest in the cat-eye zone, followed by the align-
ment zone, and least in the main zone. As an adjustment value, the CGH
position alignment error has a trivial influence on the optical layout,
but significantly impacts the spacing d. Therefore, strict adjustment for
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Fig. 3. Optical layout of the freeform surface
test with cat-eye CGH. (a) Optical layout dia-
gram. (b) CGH layout diagram.

W Cat-eye zone
Alignment zone
Il Main zone

[ Fidicual zone

the alignment zone is needed to attain a high testing accuracy. Further-
more, according to the analysis and Eq. (12), the effect of the alignment
zone error on the spacing d is mainly attributed to the ratio of image
distance/object distance; therefore, the test sensitivity of the model can
be enhanced by altering the ratio of the image to object distances.

ZEMAX® was used to simulate the optical layout to verify the ac-
curacy of the cat-eye CGH method. The same power values were input
to both ZEMAX® and the formula, and the results were plotted. The
predicted results for the WOS based on calculations and simulations are
shown in Fig. 5.

Based on the results in Fig. 5, the simulation and calculation results
are consistent when the position error of the CGH does not exist. When
the CGH has a position error, there is a deviation in the simulations and
calculations. The deviation increased with an increase in the CGH posi-
tion error. For a CGH position error of 1/10 of the spacing, the estimated
error percentage in the calculation and simulation was 2.2%.

The paraxial approximation condition was exploited in the calcula-
tion compensation formula for the CGH position error, denoting a devi-
ation between the simulation and calculation results. The position of the
CGH can be optically adjusted with a high adjustment accuracy by the
alignment zone, resulting in an adjustment accuracy better than 0.5 ym.
The adjustment accuracy of the CGH meets the experimental require-
ments, and the deviation between the simulation and calculation can be
ignored.

2.3. Accuracy analysis

Appropriate tolerances were determined by perturbation analysis of
each optical layout. There are two major types of errors in the optical
layout: systematic and random. Systematic errors mainly include resid-
ual design error, CGH fabrication error, and CGH substrate thickness er-
ror. The random errors mainly include repeatability errors of the power
acquisition in the three zones and temperature errors. All of these er-
rors degrade the accuracy away from the nominal value. Considering
the freeform mirror in Section 2.2 for an instance, an accuracy analysis
was conducted, as shown in Table 4.

The residual error of the cat-eye path design was 0.0061 power aber-
ration (PV), which has an effect of 2.2 ym on the spacing d test. Based on
previous experience, the fabrication error of CGH substrates for power
aberration can be controlled to 0.0154 (PV) [35,36]. The refractive in-
dex inhomogeneity of the substrate is approximately 2 x 106, which
generates a 0.0034 error for the transmitted wavefront through the CGH
[35,371, and then has an effect of 1.0 ym on the WOS testing. The thick-
ness of the CGH substrate was measured using the CMM with 1 ym test-
ing accuracy. The thickness error of the CGH substrate causes a large
WOS testing error of 7.8 ym. In addition, the repeatability error of the
three zones of power acquisition affected the testing results. The F num-
bers of the main and alignment zones are similar, indicating similar ef-
fects of the axial vibration and drift on them, estimated at 0.0054 power
aberration (PV) from previous testing experiences. The cat-eye zone op-
tical path was relatively stable with an estimated repeatability testing
error of 0.0024 power aberration (PV). Note that the temperature in-
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Comparison curve with CGH position error
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Fig. 5. (a) Spacing d comparison curve of calculation and simulation. (b) Comparison curve between calculation and simulation of spacing d with CGH position

error.

Table 4
Spacing d test errors from each error source.

Error type  Sources Errors (PV) Impact on the WOS testing
Systematic ~ Residual CGH design 0.0064 2.2 ym
error Fabrication error of CGH 0.0154 [35,36] 1.3 ym
Refractive index inhomogeneity 2 x107° [35,37] 1.0 ym
Thickness error of CGH substrate 1.0 ym 7.8 ym
Random Repeatability error of power acquisition in alignment zone 0.0054 1.6 ym
error Repeatability error of power acquisition in main zone 0.0054 0.5 ym
Repeatability error of power acquisition in cat-eye zone 0.0024 0.7 ym
Temperature error °C 0.1°C 0.4 ym
Monte Carlo synthesis 8.5 um

Calculate the position of the cat-eye

Do comparative verification experiments

Fig. 6. Flowchart of the test experiment using
the cat-eye CGH for freeform surface mirror.

symmetry point on the freeform surface
mirror

t

{ Do four groups of repeated experiments

Design the overall layout of cat-eye CGH

|

t

Calibrate and correct the mapping

distortion

Complete the fabrication of the CGH

t

Collect data

Build the test optical path, adjust the
interferometer, CGH and mirror for

1

= Fine tune the light path to zero fringe

coarse alignment

stability affects the laser wavelength, and thus the power measurement,
which affects the spacing d testing, is approximately 0.4 ym. These er-
rors are commonly independent of each other. The influence of the total
errors on the spacing d test results is estimated to be 8.5 ym by Monte
Carlo synthesis.

3. Experiment verification
3.1. Setup

Experiments are conducted to demonstrate the performance of the
proposed method. A flowchart of the experiment is shown in Fig. 6.

We considered the freeform mirror in Section 2.2 as the sample for
the experiment. For the freeform mirror, the point whose normal line on

the freeform mirror is parallel to the optic axis is regarded as the sym-
metrical point of the cat-eye optical layout. By calculation, the coordi-
nates of the point on the mirror are (0, —2.791 mm, —1.736 x 10~3 mm).
The distance from the interferometer focus to the front is 470 mm and
the distance from the CGH to the freeform mirror was 1690.626 mm.
The CGH substrate was Corning® 7980 fused silica, and its thickness
was 14.823 mm.

As the power aberration is rotationally symmetrical, the radial dis-
tribution of the power value in the CGH layout is more important for
the test. To obtain a more accurate power value and validate the cor-
rectness of the method, a large radial distribution was designed on the
CGH. Considering the relationship among the cat-eye zone, main zone,
and alignment zone to fully use the CGH, the designed CGH layout is
shown in Fig. 7. Two pairs of 16 mm X 45 mm cat-eye zones were de-
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(a) Bl Cat-eye zone ()
@\ Alignment zone
Bl Main zone

[ Fidicual zone

- Main zone beam
___ Fiducial zone beam
I Cat-eye zone beam
~__ Alignment zone beam

Fig. 8. Designed testing optical layout for the freeform mirror.

signed, considering the calculated point mentioned above as the center
of symmetry on the CGH of 2140 mm. Fig. 7(a) shows the CGH design
structure diagram of the freeform mirror, and Fig. 7(b) shows the fabri-
cated CGH used in the measurement, which is an amplitude CGH using
the 1st order diffraction wavefront.

A diagram of the optical testing layout is presented in Fig. 8. The
yellow beam represents the fiducial wavefront for a coarse alignment
between the interferometer and mirror. The green beam represents the
wavefront reflected by the CGH. The blue beam represents the main-
zone test wavefront. The red beam is for the cat-eye zone wavefront
and is reflected at the calculated cat-eye-positioned point of the freeform
surface mirror. The optical layout of the experiment is shown in Fig. 9.

During the verification experiment, the room temperature was con-
trolled within 21.7 + 0.1 °C, considering the effects of the thermal field
on optical curvature [38]. The interferometer, CGH, and mirror were
roughly adjusted and aligned. Fine adjustments and alignment were per-
formed according to the interferogram pattern. The position of the CGH
was fine-adjusted using the interferogram in the alignment zone such
that the positional accuracy was better than 0.5 ym.

3.2. Freeform test result

When we adjusted the interferogram to zero fringes in the main and
alignment zones, the interferogram in the cat-eye zone was performed as
a power aberration, as shown in Fig. 10. In this condition, we completed
the testing and data collection.

The mapping distortion of the sample data was corrected using SLAM
software (developed by CIOMP). Subsequently, precise interferogram
data were obtained, as shown in Fig. 11.

Optics and Lasers in Engineering 161 (2023) 107350

Fig. 7. (a) Layout design of the cat-eye CGH.
(b) CGH used in the experimental measure-
ment.

Fig. 9. Experiment setup of the freeform mirror using cat-eye CGH method.

Cat-eye zone Interferogram

Fig. 10. Interferogram of the testing optical layout.

After disrupting the optical layout, the entire process was repeated
four times to collect four sets of data, and each set of data was averaged
over the ten samples. The power values of the three zones of the four
groups of experiments are listed in Table 5.

The collected data were calculated using Eqgs. (12) and (13), and the
WOS data for the freeform mirror were obtained, as shown in Table 6.

The WOS average value and repeatability [39] of the experiments
were —19.9 + 4.5 ym (P = 95%). Because the radius of curvature
is —2139.854 mm, the relative accuracy of the radius of curvature is
2.1 ppm.

In the experiment, the contribution rate of each zone to the WOS
repeatability error was systematically analyzed, as shown in Table 7. In
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Fig. 11. Group data of three zones. (a) Cat-eye zone result. (b) Alignment zone result.

Table 5
Power (PV) values of three zones.

The power of The power of The power of

Group cat-eye zone alignment zone main zone
1 —0.0634 —0.0014 —0.0204
2 —-0.0574 0.0074 —0.0144
3 —0.0574 —0.0054 —0.0354
4 —0.0564 0.0104 —0.0384
Standard deviation 0.0034 0.0064 0.0104

Table 6
Data of WOS testing by cat-eye CGH method.

Data of WOS d testing by

Group Temperature cat-eye CGH (um) Repeatability (20)

1 21.7 °C -21.1 4.4 ym
2 21.7°C -16.1
3 21.7 °C -20.3
4 21.7 °C -21.9

the experimental process, the alignment zone was the major contributor
to repeatability error.

The second set of experiments was conducted. The freeform mirror
was shifted along the optical axis, and in this case to test the WOS. The
test results for the WOS using the cat-eye CGH are listed in Table 8.

The experimentally result with the longitudinal misalignment is
—20.2 + 6.4 ym(P = 95%). The experimental results further proved that
the WOS calculation in Eq. (13) of the cat-eye CGH method was correct.
However, the tilt error with mirror shifting results in an extra error in
the WOS testing.

3.3. Methodology verification

The absolute accuracy of the cat-eye CGH method was also
cross-checked with a methodological comparative verification ex-
periment, whose testing accuracy was approximately +9 uym (+20,
16 ym+0.8 ym/m) [40,41]. Four sets of experiments were conducted,
and the results are provided in Table 9.

The combined standard uncertainty of the comparative experiment
was 10.8 um. The average value and repeatability [39] of the com-
parative tests were —9.7 + 10.8 um (P = 95%). The agreement be-
tween the cat-eye CGH experiment and comparative experiment was
10.2 + 4.3 ym (P = 95%), so the metrology accuracy of the cat-eye
method was 10.2 + 4.3 ym (P = 95%) [42]. The aforementioned tests
confirmed the correctness of the cat-eye CGH method for measuring
WOS.

4. Discussion

Using the measured spacing d (—0.019 mm), the testing error on the
freeform surface can be obtained by numerical simulations using Eq. (4),
as shown in Fig. 12(a), which includes the error in the curvature radius.
However, the existence of d introduces other testing errors in addition to
the curvature radius error, as shown in Fig. 12(b). The extra testing error
was 0.003/ root mean square (RMS), except for the curvature radius
error. Because the value of the spacing d is small, the extra testing error
is not noticeable.

Assuming that the spacing d is as large as —0.44 mm, the testing
error on the freeform surface could be obtained by standard Zernike
polynomial fitting, as shown in Table 10.

When the spacing d was —0.019 mm, the power term mainly affected
the surface, with astigmatism and coma having a slight influence on the
surface. However, when WOS d is increased to —0.44 mm, the influence
of astigmatism and coma on the surface is greater than 1/100 RMS,
independently, which is not negligible. As a general rule, the larger the
WOS d introduced, the more aberrations that affect the surface testing.

When the spacing d value is as large as —0.44 mm, the testing error
on the surface caused by the spacing d is shown in Fig. 13(a). In ad-
dition to the curvature radius error, the extra testing error was 0.0684
RMS, as shown in Fig. 13(b), including astigmatism mainly. During the
optical system adjustment, astigmatism can be adjusted by the decentre
in the geometric parameters within the tolerance range. The aberra-
tion introduced by the 0.133 mm decentre is shown in Fig. 13(c). The
decentre introduces an extra 11.2 ym spacing d, along with astigma-
tism. The astigmatism generated by a decentre of 0.133 mm is shown
in Fig. 13(d). Assuming that the decentre can be conditioned to adjust

Table 7
Each zone contribution rate to the repeatability error.
Effect on the optical Effect on Contribution
Power deviation layout (ym) spacing d (um) rate
Cat-eye zone 0.0034 1.1 1.1 20.6%
Alignment zone  0.0064 0.2 2.0 64.0%
Main zone 0.0104 1.0 1.0 15.4%
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Table 8
Power (PV) values of each zone and calculated results.
The power The power The power
ofmain zone ofalignment zone ofcat-eye zone Spacing d (um)  Repeatability (20)
0.2144 0.0144 0.0094 -21.7 6.4 ym
0.0904 0.0194 —0.0114 -19.2
-0.124 0.0254 —0.0754 -24.4
-0.194 0.0184 —0.0764 -15.7
PV=0.098 \ RMS=0,026\ PV=0.017)\ RMS=0.003\ <107
150 0.04 150
100 100
0.02
50 50
0
0 x 0
-50 -0.02 -50
-100 ~100
-0.04
<150 150

<100 0 100

(a)

Table 9
Test results of comparative experiment.

Group Comparative experiment d (ym) Repeatability (20)
1 -8.4 5.9 um
2 -11.4
3 -13.4
4 -5.5
Table 10

Testing results of Zernike coefficients difference on the
freeform surface (in mm).

Term  Value Term  Value

a; —5.9045 x 10~* a5 -1.4331 x 10711
a, —-1.2548 x 10°° ae -2.5619 x 10710
ag 1.1887 x 107° a;; -1.3240 x 1078
a, -3.4055 x 107** a4 —-4.5680 x 10713
as 2.2717 x 1078 [ —-4.3703 x 107°
ag —4.2368 X 1075 % ay, -3.0189 x 10713
a, 8.8088 x 1076 * ay -5.2031 x 10710
ag 1.1079 x 10~° ayy 1.3505 x 10711
ay 1.0130 x 107 * Ay —3.4296 x 10713
aj, 5.2708 x 10710 Ay, —4.0550 x 10710
ap; 1.9817 x 107 * ays -9.1391 x 1014
a, 1.9180 x 107 * [ 298 -9.1241 x 10711
a3 —-8.9757 x 107! ay, 3.8276 x 10715
a, 7.2244 x 1078 ayg -1.2536 x 10711

Note: * The Zernike term indicates that the impact of
the term on the surface is greater than /1000 RMS.

the astigmatism, the residual aberration is shown in Fig. 13(e), which
cannot be ignored.

When the radius of curvature error and decentre in the geometric
parameters are compensated and adjusted, respectively, the influence of

<100 0 100

(b)

Fig. 12. (a) Aberration on surface caused by testing spacing d. (b) Extra aberration eliminated radius of curvature error caused by testing spacing d.

spacing d on the freeform surface is >1/100 RMS coma and 0.133 mm
y-decentre.

When the geometric parameters of the freeform surface are compen-
sated and adjusted, the surface error will be reduced to some extent;
however, there will be some residual surface errors, which affect the
use of the mirror. Therefore, in tolerance balancing, we should consider
not only the change in curvature radius but also other errors, which can
be obtained by spacing d testing. Furthermore, the analytical form of the
WOS test results can be highly beneficial for optimizing the redesign of
optical systems.

5. Conclusion

In this study, the concept of the WOS is proposed, and the coupling
relation between surface error and WOS is analyzed based on the princi-
ple of the interferometric compensating test. We also propose a cat-eye
CGH method to simultaneously measure freeform surfaces and the WOS.
We designed an interferometry test ray path. Three zones on the cat-eye
CGH helped perform an accurate test of the WOS. The contribution of
each zone and the accuracy of this method were analyzed. According
to the experimental results, the absolute test accuracy of the WOS was
10.2 + 4.3 um (P = 95%) (methodological verification), repeatability
was 4.5 uym, and relative accuracy was 2.1 ppm.

This method can measure the WOS of optical freeform surfaces un-
der interferometric compensating tests, including the curvature of the
sphere radius and the center curvature radius of the aspheric. This
method contributes to a high testing accuracy with a simple configu-
ration. The surface testing error caused by the WOS is discussed and
explained. This can be effectively employed to guide the tolerance bal-
ancing and redesign of optical systems. Future work can focus on im-
proving the applicability of WOS measurement of mirrors with central
obstructions by altering the position of the symmetrical return point on
the mirror.
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Fig. 13. (a) Aberration on surface when spacing d is —0.44 mm. (b) Extra aberration eliminated radius of curvature error when WOS d is —0.44 mm. (c) Aberration
caused by 0.133 mm decenter value. (d) Astigmatism caused by 0.133 mm decenter value. (e) Residual aberration removing geometric parameters.
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