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Flatness detection method of splicing detector based on channel
spectral dispersion

ZHAO Hong-chao' ZHANG Xiao-gian'™ AN Qi-chang?®”
1. School of Advanced Manufacturing, Shenzhen Campus of Sun Yat-sen University, Shenzhen 518107, China
2. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese
Academy of Sciences, Changchun 130033, China

* Corresponding author E-mail: zhangxq87@mail2.sysu.edu.cn; anjj@mail.ustc.edu.cn

Abstract: For segmented detectors, surface flatness is critical as it directly influences both energy resolution
and image clarity. Additionally, the limited adjustment range of the segmented detectors necessitates precise
benchmark construction. This paper proposes an architecture for detecting detector flatness based on channel
spectral dispersion. By measuring the dispersion fringes for coplanar adjustment, the final adjustment resid-
ual is improved to better than 300 nm. This result validates the feasibility of the proposed technology and
provides significant technical support for the development of next-generation large-aperture sky survey
equipment.
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1 Introduction

As the demand for survey observations contin-
ues to grow, the apertures and fields of view of tele-
scopes are expanding correspondingly. This trend
results in an increased need for large detectorst™.
However, material and technological limitations
present significant challenges in producing suffi-
ciently large detectors. Consequently, the segmen-
ted detector approach has emerged as a key solution
to this issue?. Meanwhile the new technology also
introduces its own challenges.

In traditional large aperture telescopes, the
smaller focal plane size allows a single detector to
meet imaging requirements while maintaining excel-
lent flatness relative to the depth of focus. However,
as the field of view expands, larger target planes
may lead to imaging quality issues stemming from
flatness deviations and errors associated with seg-
mented detectors®®. Currently, large focal plane de-
tection relies primarily on two methods: contact and
non-contact. Contact methods utilize coordinate
measuring machines to provide direct, large-span
measurements with an accuracy of up to 10 microns.
However, these methods risk scratching detector
surfaces. Non-contact methods include visual in-
spection, confocal scanning, geometric triangula-
tion, structured light measurement, and white light
interferometry!™. Other non-contact techniques in-
volve Hartmann masks and coaxial laser displace-
ment sensorst,

The European Southern Observatory (ESO)
employs a visual method to measure the displace-
ment of the microscope objective lens using a mi-
crometer scale on the CCD surface. However, due to
the close proximity of the microscope lens to the
CCD, direct measurement is impossible with a win-
dow in front of it. Interferometric surface measure-

doi 10.37188/CO.EN-2024-0026

CSTR 32171.14.CO.EN-2024-0026

ments are limited by their dynamic range and cover-
age, while the confocal scanning method faces chal-
lenges related to axial chromatic dispersion. Struc-
tured light measurement can struggle with detector
surface reflectivity and microstructure interference,
which negatively affects the signal-to-noise ratio. A
white light interferometer developed by Ulm
achieves approximately 20 nm accuracy using a co-
herent beam method!.

The Royal Observatory at Greenwich (RGO)
developed a Hartmann mask method that projects
two converging light cones onto a CCD. If the de-
tector is precisely at the focal plane, only one point
appears; otherwise, two points indicate surface devi-
ation. Scanning the surface during a single expos-
ure allows for the measurement of height differ-
ences. At the ESO’s 2.6-meter VST at Paranal Ob-
servatory, 32 stitched 2kx4k CCD sensors are used
for its focal plane. Flatness is measured with Key-
ence’s LK-HO082 triangulation laser probe, achiev-
ing a peak-to-valley flatness of approximately
18 pm0l,

Moreover, the methods mentioned above de-
pend on point detection, necessitating translation
stages for operation, which limits their ability to
achieve rapid in-situ measurements. For larger step
differences, mechanical motion along the normal
vector can reduce detection precision, hindering the
establishment of a continuous traceability chain for
optical accuracy. Therefore, future large focal plane
detection systems must incorporate a real-time,
high-throughput monitoring capability to collect
flatness data during system integration.

The flat detection method for segmented de-
tector differs from traditional flat mirror detection,
which typically involves continuous surfaces and re-
quires a smaller dynamic range. In contrast, stitched
detectors often exhibit significant geometric and an-
gular errors. The Hartmann method, which recon-
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structs surface figures using slope measurements
without requiring a pupil-conversion optical path,
offers a wider dynamic range that is particularly
suitable for detecting low-order aberrations on a
large scale. By leveraging robust slope information
and frequency-based reconstruction techniques, we
can effectively assess and adjust the flatness of seg-
mented detectors.

Detector tiling involves establishing a final
baseline by aligning detectors on the same plane
through pairwise measurements. However, any
shifts in the benchmark plane can extend the outer
edge detectors and complicate the integration of
different layouts, ultimately affecting the assembly
and positioning accuracy of subsequent detectors,
especially for weak and precise measurements**,
Such shifts and slight tilting can degrade the accur-
acy of the final data, which is crucial for exoplan-
et detection. An integrated approach for the front-
end optical system ensures continuity with offsets
in the micron to nanometer range, while the back-
end detector comprises hundreds of tiled segments.
System errors from rotation, defocus, and sensi-
tivity differences can result in fluctuations in light
intensity, negatively impacting detection accura-
cytt+e],

An architecture for detecting detector flatness
is proposed based on optical fiber interconnection,
utilizing channel spectroscopy with two-dimension-
al scanning using a red laser to detect seams on the
plane. By measuring the dispersion fringes for co-
planar adjustment, the final adjustment residual is
improved. Initially, a frequency positioning method
locates steps, followed by geometric slope measure-
ments for fine step differences. Some systems can
achieve broader accuracy ranges using frequency al-
gorithms. The tolerance of the system’s detector is
less than one image circle due to focal plane blur,
making the focal plane error dependent on its F-
number and vector size. Depending on the required
accuracy, either frequency or fringe slope measure-
ment methods are utilized™" %,

2 Basic principles

This paper presents a fiber interconnect archi-
tecture that enables multi-point, high-throughput de-
tection by simultaneously measuring at the edges of
the detectors. We employ Fourier transform tech-
niques to analyse the interference fringes, determin-
ing their step differences, which are then utilized to
reconstruct the system's detectors, as illustrated in
Fig. 1 (color online).

S
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Fig. 1 Large-range high-precision step difference calcula-
tion based on channel spectrum

First, the basic principles of dispersive fringe
interference are analyzed, followed by the deriva-
tion of the theory of dispersive fringe difference. To
verify the consistency and convergence of the final
adjustment, the single-point interference intensity is
given by:

. P— 2 L
=1+ |2+2] 12) 1,1, cos —2
0

where, I, and |, are the light intensities of two paths,
ly12| is the multiplex coherence, AL is the step differ-
ence, and A, is the central wavelength.

Let I;=1,= 1,

1 =21y 1+] pjcos
the transverse light intensity distribution is:

I(i;y)=2lp 1+] jcos 4
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where, d is the length of the baseline equivalence,
and f is the focal length.

er( iy)
oy

= 2'0] 12jSin

o1 y)" 4

FFT =FFT
oy

where, 1 is the frequency domain coordinate, L, is
the initial distance, A; is the wavelength, allowing
the detector plane to be adjusted through the FFT of
fringe difference.

In terms of detector surface figure reconstruc-
tion, it is necessary to employ orthogonal decom-
position using basis functions. In practical applica-
tions, using an orthogonal basis in a circular do-
main, such as the Zernike polynomial, can lead to
orthogonality degradation in non-circular domains
and a corresponding decrease in representation ac-
curacy when discrete sampling is performed. Here,
Fourier series are chosen to characterize the wave-
front, as the Fourier transform benefits from fast
algorithms, significantly improving computation

12> Xk

y(n)=—
N o ej2

Set the highest fitting order be N, and repres-
ent the wavefront (x;;x;) as a discrete Fourier

series, as shown in Equation (10):

XX
(X1, %) = (k; j)e'~

n=1 m=1

NX+MX,

where n and m are integers, x and y are discrete spa-
tial coordinates, and ~ (n, m) are the coefficients of
the discrete Fourier series. Transforming Equation
(10) yields Equation (11):
. KX
(k;J) =

x=1 y=1

X +Mx,

(X Xx2)e TN

Based on these formulas, slope sampling and
surface figure reconstruction are conducted for seg-
mented detector surfaces. The final results are char-
acterized using a structure function, a sub-scale

Performing Fourier transformation on the
transverse light intensity distribution as in Equation
(4) yields:

speed.
The discrete Fourier transform is as shown in
Equation (6):
>
X(k) =

n=0

x(n)e i*

Assuming x(n) is obtained by differentiation of
y(n), as shown in Equation (7), we substitute it into
Equation (6) to get the intrinsic Equation (8):

x(n)=y(n+1) y() ;
<
X (k)=

n=0

yn+1) yme!

characterization method. As shown in Fig. 2 (color
online), there is a correspondence in the feature
space frequencies, and the amplitude differences
resulting from the sampling points can be com-
pensated through subsequent calibration. Addition-
ally, amplitude discrepancies caused by sampling
can be adjusted during post-calibration. Inspired by
concepts from the KECK telescope's edge sensor
control matrix, dispersive fringe interference is per-
formed using a non-narrow band light source to ob-
tain local step differences. These step differences
are utilized to determine the local slope gradient,
aiding in the reconstruction of the overall shape of
the target plane. Since the overall tilt of the detector
cannot be controlled, precise adjustment of the ref-
erence detector's posture is essential.
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x10*

Fig. 2 Surface shape reconstruction of segmented detectors based on slope gradients. (a) Reconstruct surface figure. (b) Ac-
curacy comparison of cross-section reconstruction. (c) Structure function comparison

Here, different resolutions are utilized to meas-
ure the surface figure of segmented detectors. Ini-
tially, a smaller aperture is employed to facilitate the
rapid acquisition of large-range slope gradients of
the detector. Additionally, multi-point detection en-
ables comprehensive surface figure acquisition,
providing a foundation for subsequent fine focusing.
The results of the multi-stage surface figure recon-
struction accuracy analysis, based on simulation, are

400 ‘
.l
«» 300
[ by
X ez
& 200
> g .
100 .,

100 200 300 400
X/Pixels

presented in Fig. 3 (color online). The rows of im-
ages illustrate the reconstructed surface shapes of
the detector at varying sampling rates. The low-res-
olution reconstruction achieved during the initial
system integration can be performed using the exist-
ing projection measurement system. As the integra-
tion process nears the required accuracy, high spa-
tial resolution calibration through movement be-
comes essential.
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Fig. 3 Multi-stage surface figure reconstruction analysis based on simulation. (a) Sampling figure in low-resolution recon-
struction process. (b) Original surface figure in low-resolution reconstruction process. (c) Reconstructed surface figure
by low-resolution reconstruction. (d) Sampling figure in low-resolution reconstruction process. (e) Original surface fig-
ure in low-resolution reconstruction process. (f) Reconstructed surface figure by low-resolution reconstruction. (g)
Sampling figure in high-resolution reconstruction process. (h) Original surface figure in high-resolution reconstruction
process. (i) Reconstructed surface figure by high-resolution reconstruction

Low-resolution reconstruction sampling, ori-
ginal surface figure, and reconstructed surface fig-
ure are represented in Fig 3(a)—(c). Mid-resolution
reconstruction sampling, original surface figure, and
reconstruction sampling locations are shown in
Fig. 3(d)—(f). High-resolution reconstruction samp-
ling, original surface figure, and reconstruction
sampling locations are shown in Fig. 3(g)—(i).

A broadband light source illuminates the edges
of the detector. Initial rough adjustments are
achieved by varying the position of the system’s
single component within the coherent length. Fine

positional adjustments are then made at the edges
using dispersion elements. Simultaneously, a fiber
optic interconnection system emits multiple light
points on one side of the wide-angle optical system.
The shear test is performed on the test piece by ob-
serving deviations in the pupil position. The piston
error between the two points is utilized to determ-
ine the slope of the original piece, from which the
required adjustment is inversely calculated. The en-
tire adjustment process is illustrated in Fig. 4 (color

online).

. Beam splitter
Microlens array |

Photodetecter Grating™
Photodetecter

Beam reduction optical path

\b

Fig. 4 Detector architecture based on channel spectroscopy

Large-aperture optical systems seek longer fo-
cal lengths and larger target surfaces to maximize

detection capabilities, including resolving power
and detection efficiency. However, due to limita-
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tions in detector materials and manufacturing pro-
cesses, larger detectors must be spliced and integ-
rated, requiring the use of multiple detectors for
imaging. The unevenness of the spliced surface dir-
ectly affects the focusing quality of the final energy
and the overall image clarity. For spliced detectors,
it is essential that the image blur remains smaller
than the pixel size; thus, the flatness tolerance de-

pends on both the pixel size and the product of the
system's focal ratio. Typically, after splicing, flat-
ness is required to be within 20-30 ym. For dispers-
ive terminals (such as imaging and seamless spec-
troscopy), the target surface flatness must be better
than half the product of the pixel size and the sys-
tem's focal ratio. The performance parameters detec-
ted by stitched detectors are summarized in Table 1.

Tab.1 Examples of spliced detectors in terms of foundations

Detectors

Number of detectors Resolution  /pixel Aperture /m Gap/um Accuracy /um

Organization

VST 32 CCDs 0.21 2.6

"Mozi" survey telescope 9 (10 K x 10 K) CCDs 0.12 25

LSST 189 (4Kx4K) CCDs 0.20 8.4

Blanco telescope 62 CCDs 0.263 8.4

Pan-STARRS 60 CCDs 0.258 1.8
Gaia survey telescope 106 CCDs 0.18 1.5x2

500 30 ESO
/ 25 University of Science and Technology of China
200 10 SLAC National Accelerator Laboratory
200 15 Cerro Tololo Inter-American Observatory (CTIO)
/ 10 University of Hawaii (UH)
500 20 The European Space Agency (ESA)

Referring to Table 1, it can be observed that the
detector splices are approximately 1 mm or less.
Therefore, assuming that the splice proportion is be-
low 10%, the detection aperture can be set to
10 mm, with the step difference detection accuracy
required to be better than 1 pm.

The system employs narrow-band measure-
ment in conjunction with high-dispersion-capability
devices to mitigate additional dispersion caused by
the periodic structure of the detector itself. Addi-
tionally, a standard block made of indium compos-
ites, which supports microcrystalline glass, is posi-
tioned at the edge of the detector's target surface to
serve as the overall tilt reference.

3 Verification test

Two segmented mirrors function as equivalent
segmented detectors, as illustrated in Fig. 5. The
fiber interconnect system projects light into the cor-
responding positions. During the multi-point meas-
urement process of the boundary, the image is trans-
formed into the frequency domain, enabling the cal-
ibration of frequency-related differences.

Fig.5 Photo of high-throughput segmented detectors mea-
surement site

The direct measurement of fringes and the res-
ults of differential detection are presented in Fig. 6.
This figure demonstrates that differential detection
effectively suppresses background noise. Further-
more, in non-in-phase conditions, differential sig-
nals can be obtained in both dimensions. As the sys-
tem transitions into the in-phase period, the fre-
quency of the differential signal in the non-disper-
sion direction gradually decreases, as shown in
Fig. 7. With improved in-phase accuracy, the signal-
to-noise ratio of the differential signal also in-
creases. The measurements were taken using a red-
light source with a wavelength of 632.8 nm. Consid-
ering the mapping relationship between voltage and
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displacement in the PZT, the residual achieved
through final adjustments is better than 300 nm.
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Fig. 6 Under interconnect architecture of optical fibre, ori-
ginal dispersive fringes and differential in two direc-
tions. (a) Original; (b) differential direction 1, and
(c) differential direction 2

400
é 250 The frequency transformation for high-throu-
s ghput testing is depicted in Fig. 8, illustrating that
300 : :
0 200 400 600 800 1000 1200 1400 the Fourier transformation can be sensed and con-
XIPixels trolled in parallel.
1000 1000 12 1000
800 10 800 15
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Fig. 7 Under interconnect architecture of optical fibre, original dispersive stripes and frequency domain signals in two direc-

tions. (a) Original; (b) differential direction 1, and (c) differential direction 2
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Fig. 8 Frequency transformation under high-throughput
testing with different step differences

4 Conclusion

Future astronomical research will focus on
characterizing the cosmos on a larger scale, at deep-
er levels, and in higher dimensions. Key areas of in-
terest include the space near Earth, the Earth—-Moon
system within the solar system, and the laws gov-
erning matter and life in extragalactic systems. Sig-

nificant breakthroughs are expected at the forefront
of science, including deep, large-area sky surveys
that combine multiple wavelengths and methods; the
detection of dark matter and dark energy; the dis-
covery of optical counterparts to gravitational
waves; exploration of the cosmic dark ages and the
dawn of the universe; and a better understanding of
the laws governing interactions among celestial bod-
ies within the solar system.

To achieve high integration and uniform near-
field projection of beams, a new architecture for
multi-field-of-view transmitted wavefront detection
is proposed, utilizing densely packed arrayed wave-
guide gratings (AWG) and telecentric optical paths.
This approach overcomes the limitations of bulk op-
tical elements, such as large volume, susceptibility
to external vibrations, and temperature gradients. By
employing innovative methods of multi-angle, non-
perfect imaging testing and leveraging the con-
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straints of discrete apertures instead of whole wave- of-view telescopes.
front testing, the need for large-aperture, high-preci-
sion compensation components is eliminated. Con- Copyright
sequently, the detection accuracy of the spliced de-
tector step difference exceeds 300 nm, meeting the The copyright of accepted papers belongs to
requirements for future large-aperture, large-field- the Chinese Optics.
References
[1] SPERGEL D, GEHRELS N, BRECKINRIDGE J, et al.. Wide-field InfraRed survey telescope-astrophysics focused

[2]

[31

[4]

[51

(6]

[71

(8]

[e]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

telescope assets WFIRST-AFTA final report[J]. arXiv: 1305.5422, 2013.
BOLCAR M R, ALOEZOS S, BLY V T, et al.. The large UV/optical/infrared surveyor (LUVOIR): decadal mission
concept design update[J]. Proceedings of SPIE, 2017, 10398: 1039809.
FORTNEY J, KATARIA T, STEVENSON K, et al.. The origins space telescope: towards an understanding of temperate
planetary atmospheres[J]. arXiv: 1803.07730, 2018.
KIM D W, ESPARZA M, QUACH H, et al.. Optical technology for future telescopes[J]. Proceedings of SPIE, 2021,
11761: 1176103.
POSTMAN M, SPARKS W B, LIU F CH, et al.. Using the ISS as a testbed to prepare for the next generation of space-
based telescopes[J]. Proceedings of SPIE, 2012, 8442: 84421T.
SABELHAUS P A, DECKER J E. An overview of the James Webb space telescope (JWST) project[J]. Proceedings of
the SPIE, 2004, 5487: 550-563.
BENIELLI D, POLEHAMPTON E, HOPWOOD R, et al.. Herschel SPIRE FTS spectral mapping calibration[J].
Experimental Astronomy, 2014, 37(2): 357-367.
ZHONG C, SHANG Z M, WEN G J, et al.. A step-by-step exact measuring angle calibration applicable for multi-
detector stitched aerial camera[C]//Proceedings of the 5th International Symposium of Space Optical Instruments and
Applications, Springer, 2018: 235-243.
BASU S. Conceptual design of an autonomously assembled space telescope (AAST)[J]. Proceedings of SPIE, 2004,
5166: 98-112.
BOLCAR M R. The large UV/optical/infrared surveyor (LUVOIR): decadal mission concept technology development
overview[J]. Proceedings of SPIE, 2017, 10398: 103980A.
AN Q CH, WU X X, LIN X D, et al.. Alignment of DECam-like large survey telescope for real-time active optics and
error analysis[J]. Optics Communications, 2021, 484: 126685.
European Southern Observatory. Instrument description[EB/OL]. [2019-04-30]. https://www.eso.org/sci/facilities/
paranal/instruments/omegacam/inst.html.
PS1 GPC1 camera[ EB/OL]. [2022-05-04]. https://outerspace.stsci.edu/display/PANSTARRS/PS1+GPC1l+camera.
AMOS. PROBA-V-TMA design and manufacturing[EB/OL]. [2018-10-28]. https://www.amos.be/project/proba-v-
structure-and-mirror-manufacturing.
STROBELE S. A new machine for planarity measurement of CCDs and mosaics of CCDs[J]. Experimental Astronomy,
2001, 11 2 : 151-156.

, , , 1. 2020 50 4 387-
395.
GUO N X, ZHANG J X, LIU CH H, et al.. Overview of CCDs flatness test method for large aperture and wide-field
telescope[J]. Laser & Infrared, 2020, 50 4 : 387-395. (in Chinese).
AN Q CH, WANG K, LIU X Y, et al.. Integrated test system for large-aperture telescopes based on astrophotonics
interconnections[J]. Instrumentation, 2024, 11 1 : 1-9.
AN Q CH, ZHANG H F, WU X X, et al.. In-situ metrology of large segmented detector based on modified optical
truss[J]. IEEE Photonics Journal, 2023, 15 2 : 6801206.


https://doi.org/10.1117/12.549895
https://doi.org/10.1117/12.549895
https://doi.org/10.3969/j.issn.1001-5078.2020.04.001
https://doi.org/10.3969/j.issn.1001-5078.2020.04.001

898

18

Author Biographics

ZHAO Hong-chao (1985—), male, born
in Taian, Shandong Province, PH.D, As-
sociate Professor, School of Advanced
Manufacturing, Shenzhen Campus of Sun
Yat-sen University. His research intere-
sts are in precision optical systems and
ultra-precision and ultra-stable structures.
E-mail: zhaohongch@mail.sysu.edu.cn

AN Qi-chang (1988—), male, born in
Taiyuan, Shanxi Province, PH.D, Asso-
ciate Researcher. He received the B.E. de-
gree from University of Science and
Technology of China in 2011 and the
Ph.D. degree from University of Chinese
Academy of Sciences in 2018. His re-
search interests include inspection and
mounting of large-calibre optical systems.
E-mail: anjj@mail.ustc.edu.cn

ZHANG Xiao-gian (2004—), male, born
in Zhuhai, Guangdong Province, under-
graduate, School of Advanced Manufac-
turing, Shenzhen Campus of Sun Yat-sen
University. E-mail: zhangxq87@mail2.
sysu.edu.cn


mailto:zhaohongch@mail.sysu.edu.cn
mailto:zhangxq87@mail2.sysu.edu.cn
mailto:zhangxq87@mail2.sysu.edu.cn
mailto:anjj@mail.ustc.edu.cn

	1 Introduction
	2 Basic principles
	3 Verification test
	4 Conclusion
	Copyright
	参考文献

