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A B S T R A C T   

Collimation and alignment of large survey cameras is an essential link for large survey telescope 
performance. A simple, stable, and fast collimation strategy is urgently needed after the correc-
tion lens assemblies are translated part-by-part at the observation site. This study proposes a 
method for the collimation of the correction lens assembly of a large survey telescope at the 
observation site. First, we investigated the method theoretically. The method was then demon-
strated based on simulations in terms of reliability, while the wavefront of large transmission 
systems was characterized effectively. Finally, we optimized the alignment station to optimize the 
performance of the correction lens assembly. This study can enhance large survey telescopic 
developments and the design of similar large-transmission systems.   

1. Introduction 

To obtain detailed information about faint stars in deep space, large survey telescopes need to be constructed [1–3]. To date, dozens 
of survey telescopes serve as options to answer questions, such as how dark energy and dark matter influence the universe, what is the 
exact level of cosmic “noise,” and how asteroids “visit” Earth. One of the most powerful survey telescopes in the 2020s is the large 
synoptic survey telescope (LSST) [4,5]. At the same time, China’s 2.5 m survey telescope has also been under reconstruction. Through 
cooperation among the existing survey telescopes (VLT Survey Telescope [6], DECam [7], Visible and Infrared Survey Telescope for 
Astronomy [8], etc.), the universe will be mapped in more details and in wider spectrum bands. 

For large survey telescopes, high imaging quality is required in the entire field-of-view (FoV) to discover the tiny geometric dis-
tortions of the galaxy introduced by “gravity lenses.”Aimed at reducing off-axis aberration, the survey camera usually contains several 
large lenses, and these lens assemblies are carefully aligned in the mirror lab. For example, the DECam contains five lenses, the largest 
of which has a diameter of 980 mm [9]. A strategy is then introduced with a rotation stage and a laser beam to align the optical 
corrector [10]. Furthermore, JWST investigated a method to align instruments by a set of point sources, and the range is up to one 
wavelength owing to the limitation of the phase retrieval algorithm [11]. However, for a larger survey instrument, its transportation 
can only be achieved in several parts. Considering LSST Camera as an example, its largest part has a diameter of 1.8 m. Taking China’s 
2.5 m survey telescope as another example, it contains five lenses and its clear L1 aperture is 971 mm. For observations, the lenses must 
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be collimated again one-by-one [12]. 
Given the size of the collimator, it is a major challenge to transfer it to the station. Moreover, at the observation site, the vibration 

cannot be suppressed effectively. Traditional onsite collimation always uses baseline crosstalk between optics and machine, which is 
unsuitable for large survey instruments. Thus, a simple and robust testing method with a large dynamic range is urgently needed to 
realize at-observation collimation and alignment of large survey instruments. 

The direct wavefront detection method is usually based on the Shack–Hartmann wavefront sensor. However, because of the need to 
build a collimation and splitting optical path, the complexity of the system increases and the influences of non-common optical path 
aberrations become evident. Its best application scenario is on the surface of a weak scattering medium, such as an atmosphere with a 
small FoV, or a strong scattering medium, such as biological tissue. 

At the same time, the accumulated error, which is based on the optical system design, and from the fact that the point light source is 
no longer located at an infinite distance, is large. Therefore, a wavefront detection method with a high-dynamic range and small 
vignetting effect is needed. Curvature sensing was proposed by American scientists in 1988. The technique is based on the difference in 
light intensity along the optical axis used to estimate the change in the wavefront curvature. Because of the direct calculation based on 
the light intensity transmission equation, it is not affected by uneven illumination of the pupil and by 2π phase windings. Thus, it is 
very suitable for optical detection of large-aperture sky survey cameras. The far-field images with the same defocus on both sides of the 
focal plane can be collected by a single shot. In this way, the prefocal and postfocal images can be obtained without moving parts, and 
simultaneous measurement can be realized. By using the characteristics of the small influence of the curvature sensing aperture, the 
split FoV detection can be realized, and the complete wavefront distortion information can be obtained through the synthesis 
algorithm. 

In this article, the theoretical derivation of curvature sensing detection is conducted first. The mapping relationship between the 
defocused star image and lens misalignment is established and verified. Finally, using the double lens system as an example, it is 
collimated based on the use of the curvature of the split FoV. 

2. Sensing the transmitted wavefront of large survey camera 

Telescopic systems commonly use the mirror surface deformation error to evaluate the support results for large-diameter reflective 
primary mirrors, and small-diameter transmission elements [13]. A formula is then derived to analyze the propagation of the 
wavefront. 

First, a single spatial frequency wavefront is used to analyze the “single shoot,” multiple defocusing locking distance detection. 
Subsequently, the actual wavefront with different spatial frequencies is considered based on the previous research. By taking into 
consideration the typical aberration components, we analyze the capacity of multiple defocusing locking distance measurements to 
represent different typical aberrations in the spatial frequency domain. This provides a theoretical tool for the subsequent research 
studies in this area. 

Starting from the wavefront of the single-phase spatial-frequency component W(u,0) and based on the premise of locking distance, 
the calculation process of a typical aberration of a large aperture and a large FoV photographic Sky Survey Telescope System with 
multiple defocusing curvature sensors is analyzed on a step-by-step basis. 

W(u, 0) = exp
[

j
2πA

λ
sin(2πuf)

]

(1)  

where λ is the wavelength, A is the amplitude of the single-phase spatial frequency component, u is the spatial coordinate in the pupil, 
and f is the spatial frequency domain coordinate. According to the Fresnel diffraction formula of free space propagation, the wavefront 
at zi, W(u, zi) is 

Fig. 1. Schematic of defocusing lock distance detection.  

Q. An et al.                                                                                                                                                                                                              



Optik 242 (2021) 167273

3

W(u, zi) = exp
[

ejπ|f|2ziλj
2πA

λ
sin(2πuf)

]

(2)  

where zi is the defocusing amount. The analytical expression for the detection process of multiple defocus locking distances can be 
established by combining Eq. (1) with Eq. (2). The relevant diagram is shown in Fig. 1. 

Assuming a scalar electromagnetic field, the complex amplitude generated by the spherical wave emitted by the paraxial 
approximate light source can be expressed according to Eq. (3) [11], 

∂
∂z
|W(u, 0)|2 = −

(
∇|W(u, 0)|2δΦ(u, 0)+ |W(u, 0)|2∇2WΦ(u, 0)

)
(3)  

where |W(u,0)|2is the intensity of the light field, WΦ(u,0)is the phase, ∇is the gradient operator which denotes the slope,∇2and is the 
Laplacian operator which denotes the curvature. After discretizing the formula, the project intends to conduct theoretical research on 
discrete boundary curvature sensing. A disturbance is added to the wavefront, and the updated wavefront WΘ(u,0)is 

WΘ(u, 0) = exp[jk(A sin(2πuf +φ)+Θ sin(ωu))] (4) 

Here, Θ and ω denotes the amplitude and frequency of the added disturbance, respectively. According to the Fresnel diffraction 
formula of free space propagation, Eq. (4) can be converted into 

WΘ(u, z) = exp
[
ejπ|f|2zλjk(A sin(2πuf +φ)+Θ sin(ωu))

]
(5)  

Fig. 2. Wavefront curvature sensing results.(a) Optical intensity of intrafocus position,(b) optical intensity of extrafocus position,(c) reconstructed 
wavefront, and(d) residual error. 
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WΘ+ = |WΘ(u, z+)|2

= exp
[
ejπ|f|2z+λjk(A sin(2πuf + φ) + Θ sin(ωu))

]

exp
[
− e− jπ|f|2z+λjk(A sin(2πuf + φ) + Θ sin(ωu))

]

= exp
[(

ejπ|f|2z+λ − e− jπ|f|2z+λ
)

jk(A sin(2πuf + φ) + Θ sin(ωu))
]

= exp
[
− 2 sin

(
π|f|2z+λ

)
jk(A sin(2πuf + φ) + Θ sin(ωu))

]

(6)  

WΘ− = |WΘ(u, z− )|2

= exp
[
− 2 sin

(
π|f|2z− λ

)
jk(A sin(2πuf + φ) + Θ sin(ωu))

] (7) 

Here, subscript ﹢ and ﹣denotes intrafocus and extrafocus, respectively. Then, the curvature CΘwill be as follows. 

CΘ =
WΘ+ − WΘ−

WΘ+ + WΘ−

=
− 2Akπ|f|2(z)λ sin(2πuf + φ) − kπ|f|2(z)λ(Θ+ sin(ω+u) − Θ− sin(ω− u))

1 − λπk|f|2(Θ+ sin(ω+u) + Θ− sin(ω− u))

(8) 

According to the process above, the Poisson equation of the Zernike mode with nonzero curvature can be simulated, and the 
Poisson equation based on an iterative Fourier transform is realized. 

3. Simulation analysis 

The wavefront sensing is conducted by using split field wavefront sensing. A hybrid strategy of physical and computational optics is 
used. The initial value is obtained by the traditional curvature-sensing method. The defocused star image in the FoV is iterated. The 
wavefront aberration is calculated by taking the morphological index of the defocused star image as feedback. 

There are errors in the intrafocus and extrafocus images. In this study, the influence of different deviations on the calculation 
accuracy and closed-loop effect is analyzed. 

As shown in Fig. 2, the coma is considered as an example. Accordingly, the calculation accuracy of the coma in the single-coma 
mode and compound-aberration mode is analyzed. In the first mock exam, the accuracy was higher than 2% after 20 iterations. 

Herein, we use wavefront information obtained in two closed FoVs to estimate the aberration in the averaging FoV, as shown in  
Fig. 3(a). The closed-loop performance is investigated at different levels of aberrations, as shown in Fig. 3(b). We can see from Fig. 3(b), 
both the step and number of iterations decide the convergence character; however, the final accuracy is not influenced by these two 
factors. 

The 30 m telescope (TMT) team has proposed normalized point source sensitivity analysis (PSSn) that evaluated the overall 
performance and surface shape of the telescope and estimated the distribution of systematic errors. It accurately shows the perfor-
mance of the telescope regarding the observation time [12]. Using the optical transfer function, we can establish an estimate of the 
system PSSn subject to the premise of its discrete aperture collimator detection [13–15]. 

Expressing PSSn as a function of the optical transfer function (OTF) yields, 

PSSn =

∫
|OTFe( θ

→
)|

2
|OTFt+a( θ

→
)|

2

∫
|OTFt+a( θ

→
)|

2
(9)  

where OTFe is the optical transfer function of the error telescope, and OTFt+a denotes the optical transfer function of the ideal telescope 
exposed to the atmosphere. 

4. Results and discussion 

The total number and distribution of support points are the two main concerns of the support design of large-aperture lenses. 
Therefore, the selection of the support method and structural design is performed. Thereafter, we analyzed and calculated these two 
design variables, and determined the number and locations of the support points by comparing the variations in the surface root-mean- 
square (RMS) curve and PSSn. Initially, we optimized the number of support points of the largest aperture L1 in the correction lens 
group. 

The wavefront was tested in two FoV, extra- and intro- focus accordingly, at a single shoot. To verify the reliability, we experi-
mentally verified the results by the Shack–Hartmann wavefront sensor (SHWFS) as a cross-check method, which is shown in Fig. 4. In 
this optical layout, a deformable mirror (DM) is adopted to simulate different types of aberrations, and this DM also works as an 
entrance pupil with a diameter of 80 mm. 

Herein, a large aperture and large FoV simulation system was constructed with the split-field wavefront for the two-lens system. 
The two lenses simulate the aligned system and the part to be aligned in the correcting mirror set. Accordingly, the corresponding 
element misalignment can be calculated based on the contrast solution. As shown in Fig. 4(b), the corresponding relationship between 
the one-dimensional tilt of the correcting mirror set and the result of the split-field wavefront sensing is established to verify the 
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feasibility of the use of split-field wavefront sensing for the calibration of large-aperture patrol cameras subject to the condition of 
single-degree-of-freedom motion. 

As shown in Fig. 5, lens 2 begins to move in the opposite direction after tilting two units. The defocus dot image of the adjacent FoV 
is then recorded in the corresponding two tilt units, one tilt unit, and the alignment state. The wavefront component is decomposed, as 
shown in the figure. 

It can be observed that the coma is sensitive to the tilting of the wavefront components, and can be used as a marking aberration for 
tilt adjustment of single elements. For more elements, optical units can be adjusted one-by-one. Alternatively, additional marking 
aberrations can be measured by means of computer-aided adjustments based on sensitivity matrix [16]. 

For example, the Korean Research Institute of Standards and Science (KRISS) system is an integrated testing device developed by 
the Korean Institute of Standards and Science (KRISS), with a primary mirror diameter of 0.9 m and a focal length of 9.9 m that can test 
the imaging effect of systems below the meter level. The KRISS optical system takes the form of Cassegrain, and the relative rela-
tionship between primary and secondary mirrors can be calibrated manually such that the mean square root of the wavefront of the 
system is better than λ/5 (λ = 633 nm). 

To verify the system’s reliability, we experimentally verified the correlations of PSSn at different defocusing amounts. The 
experimental device consists of a laser, a pupil mask, two experimental lenses, and a charge-coupled device (CCD) camera. The laser 
placed at some distance is used to simulate the starlight plane wave that is reflected by the main mirror followed by its transmission 
through the lens. The diameter of the experimental lens was 80 mm. A pupil mask was placed at the entrance pupil of the lens to 
indicate that the clear aperture of the lens is reduced by one-third owing to the influence of the main mirror. The experimental optical 
path is shown in Fig. 5. Based on the setup in Fig. 5, we conduct an experiment to verify the control effectiveness. 

Fig. 4. Verification experiment of wavefront curvature sensing in split field. (a) Schematic of the verification experiment,(b) comparison of different 
aberrations between curvature sensor and the Shack–Hartmann wavefront sensor (SHWFS). 

Fig. 3. Closed-loop performance of split-field wavefront curvature sensing. (a) Schematic of split-field wavefront curvature sensing,(b) residual 
error curves of closed-loop iteration for different level aberrations, (c) reconstructed wavefront, and(d) residual errors. 
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Fig. 6 depicts the experimental process of active control of the optical aberrations. As shown in Fig. 6(a), the main low-order 
aberrations are controlled after three iterations. 

The imaging quality decreases considerably when the extent of system misalignment increases. The change curve of the defocus 
extent and PSSn is shown in Fig. 6(b). The PSSn value decreases owing to the defocus. However, the trend is the same as that in the in- 
focus imaging case. From the experimental results, the actual situation is consistent with the variation of the full-frequency-domain 
variable-metric imaging quality evaluation method that exhibits reliability. 

5. Conclusions 

Astronomical research on black holes, dark energy, and dark matter has led to the development of large survey telescopes [17]. To 
achieve the scientific objectives of astronomy and space observation and ensure the final imaging effect of large telescopes, it is 
necessary to accurately detect and evaluate the wavefront of the integrated correction mirror group system. However, with the in-
crease in the optical system aperture, the cost and technical risk associated with the construction of a single aperture, integrated 
detection device, are also increasing rapidly, and cannot meet the needs of the observatory. 

This study introduced a method for correct the wavefront error and improve the imaging quality of large lens assemblies. For 
traditional methods, integrated detection mainly used large planar or natural stars. However, the light path can only be formed when 
the system is not aligned accurately, that greatly restricts its efficiency and costs. 

Moreover, the traditional alignment is mainly aimed at the Cassegrain system, and its theoretical modeling and numerical simu-
lation are relatively mature. However, for a large aperture sky survey camera composed of multiple lenses, the nonlinear degree of the 
system is much higher than that of the existing Cassegrain telescope. Based on the characteristics of wavefront curvature sensing, 
which is stable, reliable, and free from interferences, the corresponding relationship between the actuator’s driving distance and 
aberration was established based on a single degree-of-freedom drive and multi-field wavefront sensing. The extent to which the 
actuator ought to be adjusted can be inversely solved based on different field aberrations. 
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