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Table 1  Optical design prescription of OAP mirror

Optical parameter Value

Note

Distance from the parent vertex

Parabola

Aperture 1650 mm X 1120 mm
Material Glass ceramics
Vertex radius of curvature 2.4X10" mm
Off-axis distance 2000 mm
Conic constant —1
Aspheric departure 118 pm

Measure method

Astigmatic peak-to-valley departure

Null test with standard plane mirror

@

alignment
pattern

fiducial
pattern (x4)

Bl HFZA R CGH. () CGH AT ST X ; (b) CGH 24 1A
Fig. 1 CGH for null test. (a) Diffractive sections on CGH; (b) physical map of CGH
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Fig. 2 Optical path of testing off-axis paraboloid mirror with CGH. (a) Schematic diagram of optical path; (b) photograph of optical path
# 2 PhaseCam 6000 ) T2 A HUAS LAY ARG, Lo+ 3 U RS R/ E] 100 mm.,
Table 2 Main specifications of PhaseCam 6000 2 e 3] AD T ¥ 98 A 3 B AN, B A £12.5 mm

Specification Value T ST W A% SO R AR BT R R G
Description Vibration insensitive dynamic VB EILECZ T AL R AT . IR I3 i =

Twyman-Green interferometer
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Instantaneous phase shifting with
pixelated phase sensor

9 mm collimated FWHM

Acquisition mode

Beam diameter

Focus range /mm +12.5
Mo exposure /g “ W 0 T 52 1 0 A 07 o O M 5 S R
RMS repeatability <20.0014 T ALY G 1 o U Bl 7 2R 180" RL L R T
RMS precision <0.0022 RE 5 SCPR B A BT A L B R R

®3 VHRARGOLEEITSE

Table 3 Optical design parameters of beam expander

Surface Radius /mm Thickness /mm Glass Semi-diameter /mm Conic constant
OBJ INF INF 60.00
1 260.20 20.00 SILICA 60.00
2 INF 603.86 60.00 —0.636
3 50.60 N-BK7 12.70
4 —50.60 12.70
IMA INF 4.36

FE 58 BN S B S R A 57 RS 1 il
AT OB A . S 1 E T 3B K = AR AR (Coordinate
measuring machine, CMM) il & 15 2 (W £ 5 o 51

WAL —Ea B A% 2 B T A S Y 1 T 5 2K
CMM EFESEATXT L, B8 1 T30 i 45 AT AE R AR A
FEAE A FEAR— 2, G 3 s (3 . PV IS E ) .

2304002-3



% 50% 5 23 #1/2023 £ 12 B/ E#*x

surface/wavefront map
e T ]

A
+3.51054

I -1.44266

B £ &=

surface/wavefront map

A
I +1.75441

O]

[ RMS 0.408 |
power —0.127 A

-3.34273
| PV 5.097 S|
| RMS 0.679 2

power 3.358 1

I3 AN [l 0y S48 2R LU AR o () CMIMLI ) TG FE X 4514800 25 B O 10 mm B9 8008 EAT 2 mm i (8D 5 (b) T35 A & 1y T 78

Fig. 3 Comparison of results from different measurement methods. (a) Surface map measured by CMM (2 mm interpolation for data

with scanning step of 10 mm); (b) surface map measured by interferometer
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Table 4 CGH design and fabrication error budget

. . . Figure error
Design and fabrication contributor g

RMS

Design residual 0.1
Wavelength uncertainty of 0.002 nm 0.1
Encoding error 0.5
Patterning error (10 nm RMS in one 0
direction)

Etching uniformity error 0
Substrate thickness 0
Substrate wedge (1.5 prad) 0
Substrate index error of 0.0001 0

CGH substrate deformation error /

design (the same deformation on both

faces, that is not seen in the 0
transmission measurement). Assumes

1 pm sag over 140 mm diameter

Total RSS 0.5
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P4 CGH ARG M AR P 11 325 o0 9 i 15 22
Fig. 4 Transmitted wavefront error of the CGH substrate over

the clear aperture
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Fig. 5 Transmitted wavefront error of beam expanding system. (a) Theoretical transmitted wavefront error (spherical aberration);

(b) transmitted wavefront error over the clear aperture after polishing(after removing power)
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Fig. 6 Figure error of @800 mm fold-mirror in measuring optical path.

(a) Figure error (90% clear aperture); (b) figure error of

effective measurement area
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Fig. 7 Positioning error of @800 mm fold-mirror. (a) Translation (5 mm, 5 mm); (b) rotation 0.5°
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Table 5 Measurement error budget

Measuring component contributor

Figure error RMS /nm

Interferometer <1.2
Beam expanding system(remove after calibration) <0.7
CGH{(remove after calibration) 0.5
Flod mirror (5° reflecting angle, remove after calibration) <5.2
Total RSS <5.4
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Fig. 8 System error of measuring optical path
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Table 6 Position deviation of marked points

Marked points /mm Deviation /mm

No.
Upir Unir Uccp Ucep Uerr Uerr Perr
1 0 0 652.12 600.52 0.00 0.39 0.39
2 0 —510 645.63 365.70 0.58 0.64 0.86
3 0 510 647.73 835.50 0.78 —0.11 0.78
4 775 0 196.70 603.01 1.82 —0.37 1.86
5 775 0 1036.20 598.19 1.08 1.64 1.96
6 775 510 1034.30 821.00 0.84 0.64 1.05
7 775 —510 1033.10 376.40 —1.07 0.39 1.14
8 775 —510 189.80 350.00 —0.23 —0.57 0.62
9 775 510  192.60 856.10 —0.94 —0.27 0.98
Max deviation 1.82 1.64 1.96
RMS 0.95 0.69 1.18
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Fig. 10 Distortion correction error
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Abstract

Objective  With the continuous development of laser pulse width limits and improvement of peak power, the size of the pulse
compression grating (PCG) must be further increased. However, the high-precision manufacturing and testing of large aperture and
long focal distance off axis parabolic (OAP) mirrors required by reflective exposure systems, has presented a difficult challenge that
restricts the manufacturing of large aperture gratings. The method based on computer generated holograms (CGH) does not require a
complex design and setup, however, it introduces non-rotational symmetry and complex two-dimensional projection distortion. When
correcting distortion, traditional marker point s and analytical methods have limited accuracy or complex calculations, which are not
conducive to engineering applications. Therefore, this study proposes a distortion correction method based on numerical calculation,
with the advantages of simplicity, versatility, and ease of programming. Based on the CGH test optical path, high-precision surface
measurement can be achieved using system error calibration and distortion correction methods, laying the foundation for OAP mirror

surface accuracy manufacturing and subsequent establishment of large aperture reflective exposure systems.

Methods

CGH measurement optical path on an 18 m vibration isolation air flotation optical table (Fig. 2), and design a beam expansion system

Initially, a @800 mm folding mirror is adopted to effectively shorten the optical path length, enabling development of a
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that matches the measurement aperture of the interferometer and CGH. Subsequently, the measurement errors introduced by the
main optical elements in the optical path, excluding the interferometer, including CGH, beam expansion system, and fold mirror, are
analyzed in detail, and the errors introduced are calibrated and removed. Thereafter, to ensure that the machining coordinate system
matches the testing coordinate system, to achieve the precise positioning and convolution of the removal function and figure error, it is
necessary to correct the distorted surface map measurement. Therefore, the mapping relationship between mirror, CGH, and CCD
coordinate points is established based on the imaging distortion model (Fig. 9). Finally, according to the corrected surface map, the

OAP mirror is fabricated using Magnetorheological Finishing (MRF) technology.

Results and Discussion. Once the measurement optical path is established, the surface map measured by the interferometer was
compared with that measured by the coordinate measurement machine (CMM). Except for the projection distortion in the
interferometric measurement results, the distribution of other features is basically consistent (Fig. 3). When the CGH calibratable
errors, beam expander system, and fold mirror are superimposed, the measurement optical path system error is 11 nm RMS (Fig. 8).
After error compensation, the measurement optical path error does not exceed RMS 5.4 nm (Table 5). Among them, the fold mirror
figure error is the main error source. The coordinate positions and positional errors of the distortion correction points are listed (Table
6). The maximum correction error is 1.96 mm, which is smaller than the testing interferometer measurement resolution. This
measurement accuracy meets the of magnetorheological computer numerical control (CNC) machining positioning accuracy
requirements. Post processing, the OAP mirror figure error after distortion correction is PVr: 0.1304, RMS: 0.0134 (Fig. 11). By
comparing the surface map distributions before and after distortion correction, it can be observed that the corrected surface map
distribution and values are fundamentally consistent with those uncorrected s, and with the mirror coordinates. This result provides a
good basis for subsequent light field exposure analysis and performance evaluation.

Conclusions For the measurement of a 1650 mm X 1120 mm long focal distance OAP mirror, an @800 mm fold mirror is
introduced to shorten the CGH compensation measurement optical path. Using error analysis and calculation, the calibratable error in
the optical path is projected onto the CCD, and then calibrated and removed, thereby achieving improved measurement accuracy.
Considering the projection distortion error caused by simultaneous measurement, a correction method based on ray tracing and
imaging distortion model fitting is proposed. Compared with traditional methods, the proposed method is extremely suitable for
numerical programming calculations. Once processing verification completes, the figure accuracy can converge to RMS 0.0134, and
meet the requirements of high-precision OAP mirror specifications and manufacturing, laying a foundation for the subsequent

establishment of large aperture reflective exposure systems.

Key words off axis paraboloid mirror; computer generated hologram; error calibration; mapping distortion correction
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