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Abstract: As a testing method for large convex aspheric surface, the single optical wedge compensation test
has good applicability, robustness and flexibility. However, various errors are coupled with one another dur-
ing the test process and these errors are difficult to decouple. This affects the accuracy and reliability of the
tests. To address this, a method is developed to calibrate the system error of single optical wedge test paths
using a Computer Generation Hologram (CGH). We first analysed the source of system error in the optical
path of a single optical wedge compensation test as well as the feasibility of using CGH for the calibration of
an optical wedge compensation test system. In combination with engineering examples, a CGH was de-
signed for optical wedge compensators with a diameter of 150 mm. Based on the analysis results, the calibra-
tion accuracy of the CGH was 1.98 nm RMS, and after calibration the test accuracy of single wedge com-
pensation was 3.43 nm RMS, thereby meeting the high-precision test requirements of large convex aspheric
mirrors. This shows that CGH can accurately calibrate the pose of single optical wedge compensators and the
test system errors of optical paths. Thus we address the problems affecting error decoupling in test optical
paths, and improve the accuracy and reliability of the single optical wedge compensation method. Mean-
while, using CGH calibration, the system errors of the test optical paths, Tap#2 and Tap#3, were 0.023 and

0.011 A RMS, respectively.
Key words: computer generation hologram; optical test; diffraction; optical wedge

Wieie H #A:2021-03-02; 1&7T H#A: 2021-03-18

E&TB:h H Rl 2% B fi v R 2 5 0F 58500 H (No. QYZDI-SSW-JSC038) 5 % Mk 4 #} 4 & fe i 4l 3w H
(N0.20200401065GX) 5 H1 824 B 5 AR QIR R # 2 (N0.2019221) ; [F 5 [ #A %} 42 (No.61805243, No.
61975201, No.12003034, No.12003035, No. 62127901)
Supported by Key Research Program of Frontier Sciences, Chinese Academy of Sciences (No. QYZDJ-SSW-
JSCO038);Jilin  Province Science and Technology Development Plan Project Mission Statement
(N0.20200401065GX); Youth Innovation Promotion Association, Chinese Academy of Sciences
(N0.2019221);National Natural Science Foundation of China (N0.61805243, No.61975201, No.12003034,
No0.12003035, No. 62127901)



CAI Zhi-hua, et al. : Calibration of single optical wedge compensation test ...... 91

HTEEREREREAEMERNASRIRE

1

RERY FEW 2, B R TEKD?, KERY
(1. PERFRKELFESIRS WEFAR T, K& 130033;
2. FEIRF R AF, dLA 100049 )

FEEE: HOCHLAMEAIM L BT R38R . SRR MR TG, (R AR G TP AR 2 R 2200 G, IR 2 IR RR RN, 2
W) 7 BRLY AR A ARG I () R S AN T A B o X X — (AR, AR SR — AT 58 4 B (Computer Generation Hologram,
CGH) b BOGBAMERE TG R G RZ TR SCPESEo T T BCERAMER YL RGIR 22 MR, JEXT CGH AR
ECHAMELS T AT YEIEAT T 8T . 456 TARRSEH, X428 150 mm A G AME 285811 T CGH, 443 #7 1] 5
CGH Mt E R A 1.98 nm RMS, CGH A5 5E Ji B A MR AR B R 3.43 nm RMS, 1248 B REAS 1 /£ K A A2 JEBRTH
SRS BEEORE BRI ISR . £S5 FR W] : CGH 7T LANERA BT 8 B OGHEAME B8 (00 (6 2R U G B 9 R G 22, e T /DG
I PR 2 R R X ) TR B, 0 T BRI AR A AN TT S84 . ] CGH AR 75 2 Tap#2 A1 Tap#3 ARG

RFARZE N 0.023ARMS F1 0.011ARMS,
kORI AL AW AT A
&5 25:0436.1 WHERFRERD: A

1 Introduction

High-precision metrology of large aspheric sur-
faces, especially large convex aspheric mirrors, has
always been a challenge in optical measurement!'.,
A method commonly used for effective testing large
convex aspheric mirrors is the non-null test
method®*. Compared with traditional non-null com-
pensators, single optical wedges have unique ad-
vantages®™®. Firstly, an optical wedge can produce
astigmatism and coma that can be used to com-
pensate for the main aberrations of the off-axis part
of large convex aspheric surfaces. Secondly, optical
wedges are simple to manufacture, do not require
high-quality glass materials, and do not require coat-
ing on their surface. Thirdly, it can be verified that
the single optical wedge compensation stitching
method has good applicability, robustness and flex-
ibility when testing large convex aspheric mirrors.
Moreover, the full-aperture surface test accuracy of
this method can reach 3.8 nmRMS, which meets the
high-precision test requirements of large convex as-
pheric surfaces!”.

However, the optical wedge compensation test

is difficult to calibrate in practice. This is mainly be-
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cause the beam is speckled after passing through the
optical wedge, complicating the isolation and cor-
rection of systematic errors in the optical path using
traditional methods. The main difficulty is the de-
coupling of the main error. Due to this, improving
the calibration accuracy of single optical wedge
compensation systems is key to improving the test
reliability®™®.

Computer Generation Hologram (CGH) over-
come the difficulty that optical holograms have ref-
erence entities. CGH can generate any form of
wavefront, so it can be used to simulate the reflec-
ted wavefront of an ideal aspheric surface to calib-
rate the optical wedge compensator pose and elimin-
ate systematic errors®'”, CGH-based measurements
were proposed in the 1970s and have gradually be-
come a mature, high-precision optical test techno-
logy. For example, Burge!"! used CGH to success-
fully test super-large aspheric surfaces. Zhou et
al.'" divided the error induced by CGH used in the
laboratory in two parts, distortion and manufactur-
ing errors.

Zhao et al."*! combined the work of Zhou et al.
to calibrate and separate CGH substrate error. They

used this method to increase CGH accuracy to 6 nm.
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Burge!'* used a reflective CGH to calibrate the com-
pensator to prevent immense economic losses
caused by the compensator error. In China, CGH
has usually been employed to test the surface of
large aspheric optical elements and calibrate null
compensators>'%, For example, Zhu et al. calib-
rated a null-lens compensator using a tilted com-
puter holographic plate'”, and Chen et al. calib-
rated a zero compensator of a ®850 mm F/2 para-
bolic primary mirror using CGH"®., The abovemen-
tioned examples show that CGH can be used to cal-
ibrate optical wedge compensators.

To solve the calibration problem of optical
wedge compensators, a reflective CGH calibration
method for an optical wedge compensator is pro-
posed. In Sect.2, we first explains the source of er-
ror in single optical wedge compensation test optic-
al path and analyzes the feasibility of using CGH
calibration in a single optical wedge test system. In
Sect.3, the design scheme of the CGH is introduced
in detail, the source of CGH error is analysed, the
calibration accuracy of the CGH is provided, and
the test accuracy of the full-aperture surface shape
after CGH calibration is analysed. In Sect.4, the cal-
ibration of the single wedge compensation test sys-

tem error using the CGH is described.

2 Feasibility analysis of using CGH
for calibrating single optical wedge
compensation test system

2.1 Error source of the single optical wedge

compensation test system

As shown in Fig. 1, the test result obtained by
the interferometer is the superposition of the test
wavefronts. This can be expressed as W=W, +Wy+
wm, Where Wy is a non-null error that can be ob-
tained by simulations. W,=w,—w =W @ Wow (Dis
the coupling symbol), where Wrs is the system error
of the transmission sphere, and Woy is the systemat-
ic error introduced by a single optical wedge due to
manufacturing and adjustment. When testing the

subaperture of the same ring, W, can be considered

as the system error. After calibration, W, can be
eliminated, thereby enabling the realization of error
decoupling and obtaining the aspheric surface error,

Wn=W4—W3= w— Wa_ WN-

(@ (b)

Interferometer

Wy W, Wy W,

Transmission

sphere Optical
3D adjusting wedge
frame
X Asphere
Y
z 4D Rotary table

Fig. 1 (a) Single optical wedge test optical path. (b)
Schematic of the test wavefront. w;, w,, ws, w, are
theoretical incident wavefront, actual incident wave-
front, theoretical aspheric surface and actual aspher-

ic surface, respectively.

Based on engineering examples, a test scheme
for single optical wedge compensation stitching is
designed for large convex aspheric mirrors with a
diameter of 425 mm!). The subaperture planning
and optical wedge design parameters are listed in
Table 1. The optical wedge manufacturing error, the
transmission sphere system error, and the non-null
error of the test optical path are shown in Fig. 2
(Color online). To verify the feasibility of using
CGH for calibrating the system error of a single op-
tical wedge test path, a reflective CGH is designed

for the single wedge compensator used in Tap#2.

Tab.1 Basic parameters

Item Tap#l  Tap#2 Tap#3
Number 1/21 8/21 12/21
Off-axis/mm 0 145 175
Sub-aperture
planning Subaperture/mm 118 114 116
Departure/um 0.74 19.2 28.5
Need compensation X \/ v
Diameter /mm 150 150
Centre thickness /mm 20 20
Optical wedge .
structure Tilt/(°) 32 0.77
parameters Wedge/(°) 6.3 6.3

Material F Silica F Silica
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Optical
wedge

Fig. 2 (a) Surface shape of the optical wedge A. (b) Surface shape of optical wedge B. (c) Transmitted wave aberration.

(d) Transmission sphere system error. () Tap#1 non-null error. (f) Tap#2 non-null error. (g) Tap#3 non-null error.

2.2 CGH calibration of the single optical wedge

test path

The CGH calibrated single optical wedge com-
pensation test optical path as shown in Fig. 3. The
transmission sphere converts the parallel light emit-
ted by the interferometer into a convergent spheric-
al wave. This spherical wave is then transformed in-
to an aspheric wave when the beam passes through
the wedge compensator. The test mirror is replaced
with the CGH. The light passing through the com-
pensator illuminates the CGH and is completely re-
flected, returning to the interferometer along the ori-
ginal path. At this point, the CGH diffraction pat-
tern is completely matched with the aspherical
wave, forming a common test optical path, so that
the pose and system errors of the optical wedge

compensator can be calibrated out.

Interferometer

Transmission
sphere

Optical
3D adjusting wedge
frame
X CGH
Y
z 4D rotary table

Fig. 3 Calibration of the single optical wedge test path

2.3 Sensitivity analysis of single optical wedge
compensation test adjustment system
Combining the requirements of convex aspher-
ic surface shape accuracy test (greater than 1/50A
RMS), and taking the wavefront change of 0.001A
as an example, the feasibility of CGH calibration of
the optical wedge pose is analysed. The results are
shown in Table 2. It can be seen that the accuracy of
the CGH in calibrating the optical wedge pose is
higher than the accuracy required for testing the op-
tical wedge pose in the optical path. Therefore, after
the single optical wedge compensator is calibrated,
its pose accuracy can meet the measurement require-

ments.

Tab.2 Adjustment tolerance analysis of the optical

wedge compensator

Wedge- Wedge- . ... Eccentric
. ) x-tilt  p-tilt -
interferometer mirror. 1) 1) eccentricity RMS
dist/mm  dist./mm /mm
Test 0.15 0.5 0005 001 3 921107
system
Calibration 5 0.05 0.00150.001 005 8.35x107A
system

2.4 CGH fringe contrast analysis
Based on typical CGH diffraction efficiency,
the diffraction efficiency of the CGH is analysed.

The calculation formula is shown in Eq (1)!").
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{[T§+Tf—2To T,(1-q)cos(Yeuer) | ¢ sinc?[mg],m #0
(D

Where T, and 7 are the amplitude transmit-
tance of the bright and dark fringes, respectively,
Ween 18 the phase difference, ¢ denotes the duty
cycle, and m is the diffraction order. 7,=0, T;=1,
q=1/2, Wi =0.

For the amplitude in the CGH, the diffracted
light intensity is 25% for the 0™ order, 10.132% for
the £1° order, 1.126% for the £3™ order and 0.405%
for the +5" order. For the phase of the CGH, there is
theoretically no even diffraction order. The diffrac-
ted light intensity for the £1* order is 40.528%,
4.503% for the +3™ order and 1.621% for the +5™
order.

Assuming reference intensity /; = 0.04, outgo-

ing light intensity
I, =0.96x0.96 x1,,X0.96 x0.96,
interference light intensity
Lx =L+ L+2N1LL, Iy =1;+ L, -2+, ,
and fringe contrast:

]max - Imin
V=—7— . (2)
Imax+1min

The fringe contrast of each diffraction order of
the CGH is obtained. The results are presented in
Table 3.

Tab.3 CGH fringe contrast

Diffraction order Amplitude CGH Phase CGH
0 73.05%
+1 93.09% 61.08%
+3 78.92% 99.97%
+5 54.01% 87.29%

It can be seen that both the amplitude and
phase CGH design schemes meet the fringe contrast
requirements. However, the amplitude CGH has a
simpler process, the lowest error among alternatives
and a higher accuracy. Therefore, we adopt the amp-
litude type CGH in this work.

3 CGH design plan

As shown in Fig.3, the CGH is used to replace
the test mirror to calibrate the single optical wedge
test optical path. Therefore, as shown in Fig. 4
(Color online), only the main area and alignment

area need to be designed when designing the CGH.

Fig. 4 Structure of the CGH

3.1 Design of the main area

The CGH main area is to calibrate the pose and
system error of the optical wedge test system, which
uses +1 as the main diffraction order. The design re-
sidual is shown in Fig. 5(a). As can be seen, the re-
sidual RMS is 1.77x107A, thereby meeting the
design requirements. The diffraction energy level
distribution of the multi-configuration is shown in
Fig. 5(b). The distance between the +1st and Oth or-
der diffraction spots is greater than 200 um, meet-
ing the requirement that the main diffraction order
must be completely separated from the others. The
diffraction pattern and setting parameter are shown
in Fig.5(c) and Fig.5(b). The stripe line width is cal-
culated using empirical equation (3):

l= —Dapmure (3
2-N-ng
where Dyperure is the aperture of the CGH's main
area, n is equal to the value of the contour format
and N represents the number of stripes. In this case,
Dperure=119.52 mm, n,~1000, N=19 and the stripe
line width of the main area /,;,=3 pum. This value
meets the requirements of conventional CGH pro-
cessing technology and can be processed and pro-

duced by laser direct writing and ion beam etching.
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Fig. 5 Main area of the CGH. (a) Design residual; (b) diffraction order energy level distribution; (c) diffraction pattern; (d)

surface phase setting parameters

3.2 Alignment area design

The CGH alignment area is used to align the
relative position between the interferometer and the
CGH, which used +3 as the main diffraction order.
Fig 6 shows that the CGH alignment area appears as
the green crescent-shaped structure in Fig. 4 due to

the deflection introduced by the optical wedge.

Optical
Wi
edge Screen
Interferometer (0}
p

Transmission
sphere

Fig. 6 Schematic of the single optical wedge deflection
light path

3.94x10°°
3.55x10°°
3.16x10°°
2.76x10°°
2.37x10°°
1.97x107
1.58x10°°
1.18x10°°
7.89x10°
3.94x10°

0.00
PV=6.10x10""A RMS=8.00x10"A

@ )

16 mm

The design residual is depicted in Fig. 7(a)
(Color online). The residual RMS is 8.00x107°A,
thereby meeting the design requirements. The dif-
fraction energy level distribution of the multi-con-
figuration is depicted in Fig. 7(b) (Color online).
The main diffraction order is completely separated
from the other diffraction orders (Fig. 7(c)), elimin-
ating the influence of the remaining diffraction or-
ders on the main one. The width of the stripe line of
the alignment area is obtained as 8 um using Eq. (3).
This also satisfies the requirements of conventional
CGH processing technology and thus can be pro-
cessed and produced by laser direct writing and ion

beam etching.

(©

140 mm

>300 pm

140 mm

Fig. 7 Alignment area. (a) Design residual; (b) diffraction order energy level distribution; (c) diffraction pattern
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3.3 CGH error analysis

An amplitude-type CGH is used in this study.
When calculating CGH error sources, the main con-
siderations are design residuals, coding errors, sub-
strate errors and characteristic distortion®”. The
CGH design residual is 1.77x107), the actual cod-
ing error is 9.00x10* X, and the substrate error test
result is 3x107A, as shown in Fig. 8 (Color online).
When creating the CGH, the CGH wavefront error
caused by the positioning error of the laser direct
writing instrument is the characterization distortion,
of 1.57x10*\. As presented in Table 4, the analysis
of the abovementioned error resulted in a CGH cal-
ibration accuracy of 3.10x10ARMS (1.98 nm).

Fig. 8 Substrate error

The test accuracy of single optical wedge com-
pensation under CGH calibration is also analysed.
The random noise in Table 5 can be obtained by av-

eraging multiple measurements. Fig. 9 (Color on-

y/mm

line) shows the test results of a convex spherical
surface with a diameter of 197 mm using the stitch-
ing algorithm in this paper. From Fig. 9(d), the
stitching algorithm can be obtained as 0.002ARMS
(1.26 nm). As presented in Table 5, the analysis
showed that the accuracy of the single optical we-
dge compensation test after CGH calibration is
3.43 nm RMS, thereby meeting the requirements of
calibrating large convex aspheric surfaces. The res-
ults showed that CGH can be used to calibrate the
pose and system error of a single optical wedge
compensator and to improve the accuracy and reli-
ability of the single optical wedge compensation test
method.

Tab.4 CGH error

Error type Value
design residual 1.77x107°)
coding error 9.00x10*A
substrate error 3.00x10
characterization distortion 1.57x107*,
RMS 3.10x10

Tab.5 Single optical wedge compensation test ac-

curacy after CGH calibration (nm)
Error Value
Measuring random error 2.5
CGH calibration test optical path system error 1.98
Accuracy of stitching algorithm 1.26
RMS 3.43
Sub-plan Test mirror
Center sub-ap
b Second sub-a|
100 L ® p
50
0 L
750 L
-100
-150 -100 -50 0 50 100 150

x/mm
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Fig. 9 Convex spherical stitching test result (D = 197 mm) (a) Actual full-aperture surface; (b) sub-plane; (c) stitching test res-

ult; (d) the residual difference between the stitching test result and the full-aperture surface result

4 CGH calibration test system'’s error

After analysis, the CGH is used to calibrate the
actual single optical wedge compensation test
optical path. The test optical path is depicted in
Fig. 10. Firstly, the position of CGH on the turntable
was determinated. The mark in the X direction on
the CGH was parallel to the X direction of the
turntable, and the mark in the Y direction on the
CGH was coincide with the Y axis of the turntable.
Then, the CGH along the Y axis was moved to the

design position.

Interferometer

Transmission sphere

3D adjusting X
frame y

z
CGH

Stage

Rotary table

Fig. 10 (a) Calibration optical path diagram of optical
wedge compensator. (b) CGH and interferometer
aligned on the optical path. (c) Insertion of the

optical wedge compensator

After the CGH position was determined, the
CGH alignment area was used to align the position
between the interferometer and CGH, as depicted in
Fig. 9(b). The alignment area test results are shown
in Fig. 10(a) and Fig. 10(c). Eq(4) is used to calcu-
late the defocus &, between the CGH and interfero-
meter on the Z-axis to determine whether the align-
ment between the interferometer and the CGH is
complete. Here, F*=13 and AW represent the
Peak-to-Valley(PV)inthetestresult. Taking Fig. 10(a)
as an example, the defocus ¢, between the focal
point of the CGH and the focal point of the interfer-
ometer is obtained as £=0.056 mm. This distance
meets the adjustment requirement of the test mirror;
therefore, the alignment between the interferometer

and the CGH was complete.

&z

. 4
8(F*)

A‘/Vdefocus ==+

After alignment, we calibrated the single
wedge compensator, as shown in Fig. 11 (Color on-
line). The calibration error results of Tap#2 (Fig.
11(b)), and Tap#2 (Fig. 11(d)) are 0.023ARMS and
0.011ARMS, respectively. When the single optical
wedge stitching is used to test the full-aperture sur-
face, the system error obtained by calibration can be
eliminated. Therefore, the accuracy and credibility
of the single optical wedge compensation test is im-

proved.
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Fig. 11 Calibration results for the test path system error. (a) CGH alignment result by Tap#2. (b) Test path system error by
Tap#2. (¢) CGH alignment result by Tap#3. (d) Test path system error by Tap#3

5 Conclusion

A method that uses reflective CGH calibration
for a single optical wedge error test compensation
system is proposed. The method decouples the er-
rors in the test results of single optical wedge com-
pensation. The feasibility of the method is verified
through analysis of the CGH principle, fringe con-
trast, and the sensitivity of the single wedge com-
pensator in testing and adjusting the optical path.

In addition, a reflective CGH calibration exper-
iment is designed for the single optical wedge test
optical path to test large convex aspheric mirrors
with a diameter of 425 mm. The CGH calibration
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