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Abstract
To address the installation challenges of a 2-m ring Gregorian telescope system
and similar optical systems with a small width-to-radius ratio, we propose a de-
tection method combining local interferometry with a comparison model. This
method enhances the precision of system calibration by establishing a dataset
delineating the relationship between secondary mirror misalignment and wave-
front aberration, subsequently inferring the misalignment from interferometric
detection results during the calibration process. For the 2-m ring telescope, we
develop a detection model employing five local sub-apertures, enabling a root-
mean-square detection accuracy of 0.0225𝜆 (𝜆 = 632.8 nm) for full-aperture
wavefront aberration. Calibration results for the 2-m Ring Solar Telescope sys-
tem indicate that the root-mean-square value of sub-aperture wavefront aber-
ration reaches 0.104𝜆, and the root-mean-square value of stitched full-aperture
measurement results reaches 0.112𝜆. This method provides a novel approach
for calibrating small width-to-radius ratio telescope systems and can be applied
to the calibration of other irregular-aperture optical systems.
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Abstract: To address the installation challenges of a 2-m ring Gregorian tele-
scope system, and similar optical systems with a small width-to-radius ratio, we
propose a detection method combining local interferometry with a comparison
model. This method enhances the precision of system calibration by establish-
ing a dataset that delineates the relationship between secondary mirror mis-
alignment and wavefront aberration, subsequently inferring the misalignment
from interferometric detection results during the calibration process. For the
2-m ring telescope, we develop a detection model using five local sub-apertures,
enabling a root-mean-square detection accuracy of 0.0225𝜆 (𝜆 = 632.8 nm) for
full-aperture wavefront aberration. The calibration results for the 2-m Ring So-
lar Telescope system indicate that the root-mean-square value of sub-aperture
wavefront aberration reaches 0.104𝜆, and the root-mean-square value of spliced
full-aperture measurement yields 0.112𝜆. This method offers a novel approach
for calibrating small width-to-radius ratio telescope systems and can be applied
to the calibration of other irregular-aperture optical systems.

Keywords: Local aperture; Model comparison; 2-m Ring Solar Telescope; Sys-
tem calibration; Splicing algorithm
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1. Introduction
The advancement of modern astronomy has precipitated a growing demand for
telescopes with enhanced observational precision, necessitating improvements in
resolving power. There are two main approaches to augmenting the resolving
power of telescopes. The first involves employing synthetic aperture technology
to enhance spatial resolution, but this technology requires further development
in the visible and near-infrared wavelength ranges. The second approach is to in-
crease the diameter of the telescope, because a larger aperture can significantly
enhance spatial resolution capabilities and improve observable details [?, ?].
By observing the magnetic structures and evolutionary processes of the solar
atmosphere at high resolution, large-aperture solar telescopes can elucidate fun-
damental physical processes, such as the mechanisms underlying coronal heating
and the generation and enhancement of stellar magnetic fields. These observa-
tions not only furnish experimental data and theoretical support for various
high-energy disciplines, including plasma physics, physics, and atomic physics,
but also offer critical insights for the further study of stars, galaxies, and the
interstellar medium \cite{3–6}.

At present, the predominant configurations of ground-based solar telescopes are
categorized as open-type and vacuum-type \cite{7–9}. A notable example of
open-type telescopes is the Daniel K. Inouye Solar Telescope (DKIST) located
in Maui, Hawaii, with an off-axis Gregorian design [?]. The 1 m New Vacuum
Solar Telescope (NVST) at Yunnan Observatories, CAS, in China exemplifies
vacuum telescope technology and employs an enhanced Gregorian configura-
tion [?]. While off-axis systems facilitate the thermal control of the hot stop,
they also introduce more significant polarization interference. Conversely, cir-
cular aperture designs offer superior optical symmetry, thereby enhancing high-
precision polarization measurements. Additionally, when such systems exhibit
a small width-to-radius ratio, their thermal control design remains relatively
straightforward. Consequently, a new generation of solar telescope designs, in-
corporating circular apertures, has been proposed [?].

For telescope systems with circular or irregularly shaped apertures, precise align-
ment is essential to achieve optimal imaging performance. As the aperture size of
the telescope increases and the width-to-radius ratio diminishes, it poses greater
challenges associated with calibration and inspection of the system. Currently,
calibration technologies for large-aperture telescopes include laser tracker posi-
tioning technology, Shack-Hartmann wavefront sensing technology, star testing
methods, and pentaprism scanning inspections. Cao et al. used a laser tracker
to achieve precision calibration of the new 1.6 m solar telescope at the Great
Bear Observatory [?], and shortly afterward, Li et al. used Shack-Hartmann
wavefront sensing technology to successfully detect the wave aberration of a
large-aperture telescope system with a diameter of 1 m and a focal length of 11
m [?]. Li et al. proposed an active alignment method for astronomical telescopes
based on the ellipticity of multi-field star images to calibrate the AST3-3 South
Pole Survey telescope [?]. An et al., at the Changchun Institute of Optics, Fine
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Mechanics and Physics, CAS, proposed the use of an optical fiber-connected
photon scanning pentaprism for the alignment measurement of a large-aperture
telescope system [?]. However, these methods have not been used specifically
for calibration of ring or special-aperture telescope systems before.

In this context, the width-to-radius ratio of a 2-m ring ground-based solar tele-
scope is relatively small, leading to a significant reduction in effective data
available for detection. Consequently, conventional calibration methods provide
inadequate accuracy. To address this issue, we employ a local aperture standard
flat mirror to assess the large-aperture optical system characterized by a small
width-to-radius ratio by evaluating the minor ratios of both main and auxiliary
mirrors. By establishing a correlation between secondary mirror misalignment
and wavefront aberration within the system, we can invert misalignment based
on actual interferometric detection results to achieve precise calibration. This
study presents an innovative approach for calibrating aberration-corrected dual-
reflection optical systems with atypically shaped apertures. The term “atypi-
cally shaped apertures” here refers to shapes other than the traditional circular
ones, such as the small width-to-radius ratio annular aperture in this paper,
the crescent-shaped sub-aperture utilized for measurements, and other irregu-
lar apertures resulting from obscuration within the optical system. It has the
advantage of being applicable to the calibration of various types of primary
and secondary mirrors and is particularly beneficial for small width-to-radius
ratio telescope systems, which are challenging to calibrate using traditional tech-
niques.

2. 2-m Ring Ground-Based Solar Telescope System and
Calibration Method
2.1. 2-m Ring Ground-Based Solar Telescope System

The 2-meter Ring Solar Telescope (2mRST) employs a horizontal Gregorian
optical configuration, comprising a primary mirror M1 and a secondary mirror
M2, as shown in Fig. 1 [FIGURE:1]. A hot stop is implemented at the first
focal point (F1) of the system [?], to mitigate the thermal load in this location
[?], and the rear optical path [?] is provided at the secondary focal point (F2)
of the system.

Owing to its novel design, the 2mRST system attains nearly diffraction-limited
optical transfer functions across all fields of view, ensuring excellent overall imag-
ing quality and enabling high-resolution observations of the intricate structures
within the solar photosphere, chromosphere, and corona in terms of spatial,
temporal, spectral, and magnetic dimensions [?].

The design of the 2mRST includes a banded structure with a relatively small
width-to-radius ratio for the main mirror of the system. The outer diameter of
the main mirror is 2000 mm, the bandwidth is 350 mm, and the width-to-radius
ratio of the mirror is 0.35. This design is based on two considerations. Firstly,
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the banded structure facilitates the setting of the focus. At the same time, the
ring symmetrical structure with a smaller width-to-radius ratio can effectively
eliminate the crosstalk among the polarization states of light waves, which is con-
ducive to high-precision magnetic field detection and inversion. Compared with
large telescopes of the same resolution, the ring solar telescope is lightweight,
has low wind resistance, and uses a relatively simple frame structure [?].

Despite the aforementioned advantages of the 2mRST design, its practical ap-
plication in large-aperture telescopes has been limited because of its unique
geometric configuration, which poses significant challenges for aligning both pri-
mary and secondary mirrors. Typically, alignment within a two-reflector system
is achieved through interferometric autocollimation. However, this approach
presents certain limitations when applied to the 2mRST design. Specifically,
constraints related to the diameter of standard flat mirrors used for full-aperture
detection in the 2mRST system, coupled with the small width-to-radius ratio
inherent to its ring structure, result in a reduction of effective measurement data
by approximately 62.34%. Furthermore, insufficient data from the central re-
gion of the measured system severely compromises the orthogonality of Zernike
polynomial coefficients derived from commercial interferometers. Consequently,
there is an urgent need for a new system detection method to facilitate proper
alignment.

2.2. Small Width-to-Radius Ratio Ring Optical System Calibration
Method

To solve the problems mentioned in the previous section, we present a novel
method for the calibration system of local aperture measurement via model
comparison. Local aperture measurement is carried out using a standard flat
mirror with a smaller aperture, with the local aperture defined as shown in Fig.
2 [FIGURE:2].

By using optical design software in accordance with the actual parameters of
each optical element, such as the optical curvature radius, aspheric coefficient,
aperture, and shape, we construct a detection optical path model (shown in Fig.
3A

). During the detection process, an optical path equivalent to the detection
optical path model is set up. The light path trajectory of the self-collimation
is as follows: The spherical wave emitted by the interferometer is reflected by
the secondary mirror and incident on the primary mirror. It is then reflected
by the primary mirror and incident on the standard flat mirror with a smaller
aperture, before being self-collimated back to the interferometer by the small-
aperture flat mirror. Finally, the system wave aberration is detected by the
interferometer. Due to the influence of the small-aperture flat mirror and the
wide width-to-radius ratio, the data obtained by the interferometer is the sys-
tem wave aberration of the local aperture. Since the system wave aberration
obtained in the optical design software is equivalent to that directly detected
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Figure 1: Figure 3
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by the interferometer, the misalignment between the primary and secondary
mirrors can be evaluated by comparing the system wave aberration of the local
aperture first, thereby guiding calibration.

In our detection model, we analyze the system wave aberrations under five
local aperture conditions (shown in Fig. 2). Considering the misalignment
of the secondary mirror, including decentration, tilt, and defocus, we find the
numerical relationship between the wave aberration of the local area of the
system and the misalignment quantity as WVi(D;T;P;L) for i=1,2,3,4,5, where
D is the decentration of the secondary mirror in the model, T is the tilt of the
secondary mirror in the model, P is the defocus of the secondary mirror in the
model, and L is the offset of the standard flat mirror in the model. The data
set for the relationship between the misalignment quantity and the system wave
aberration is established as fD;T;P;Lg. In the actual measurement, we conduct
local aperture measurements equivalent to the model. The local aperture system
wave aberration obtained by the interferometer is WRi(d;t;p;l) for i=1,2,3,4,5,
where d is the decentration of the secondary mirror in the actual detection, t is
the tilt of the secondary mirror in the actual detection, p is the defocus of the
secondary mirror in the actual detection, and l is the offset of the standard flat
mirror in the actual detection.

The relationship between the misalignment of the secondary mirror, the wave
aberration of the local aperture area actually collected, and the local aperture
wave aberration at the corresponding position in the calibration model is given
by (d;t;p)=FIND(WVi;WRi), where “FIND” is the similarity comparison be-
tween WVi and WRi. One method of similarity comparison is to calculate the
correlation of the images; the other is to analyze the distribution characteristics
of the wavefront aberration at different areas in the system and evaluate the
root mean square (RMS) value. Once the values of d, t and p are obtained, the
calibration deviation of the secondary mirror can be found, guiding calibration.
Since this calibration cannot be accomplished with a single measurement, mul-
tiple calibrations are required. The flowchart for this method is presented in
Fig. 3B

.

3. 2mRST System Local Detection Model
Based on the parameters of the optical components presented in Table 1 , we
construct a model using the optical design software. Using a local aperture of
1600 mm, we divided the system into five local measurement regions (shown in
Fig. 4 [FIGURE:4]). To increase the test area as much as possible, five local
test regions were situated at: an offset of 200 mm along the positive X-axis,
an offset of 200 mm along the negative X-axis, an offset of 200 mm along the
positive Y-axis, an offset of 200 mm along the negative Y-axis, and the center
of the system under test.

Table 1. Real parameters of each optical element
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Figure 2: Figure 3
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Optical element Radius of curvature/mm Conic Diameter/mm Aperture
2-m ring primary mirror -6000 -0.977 2000 Circular
Ring secondary mirror -2100 -0.437 600 Circular
1.6 m standard flat mirror Infinity — 1600 Circular

Taking the primary mirror as the benchmark, we set the misalignment of the
secondary mirror in the model to correspond to the actual misalignment of the
secondary mirror in different directions during the assembly and adjustment
process. The six misalignments of the secondary mirror are translations in the
X/Y/Z directions and rotations around the X/Y/Z axes, as shown in Fig. 5
[FIGURE:5]. The light returned from the standard flat mirror self-collimated
by the interferometer did not coincide with the reference light within the inter-
ferometer, causing the secondary mirror to need some corresponding adjustment
to compensate for this misalignment, allowing the interference light and the ref-
erence light to converge at a single point. Given that the secondary mirror is a
ring-shaped axially symmetric structure, its rotation around the Z-axis does not
introduce system wave aberration. Moreover, the Y-axis tilt can compensate for
the X-axis decentration of the secondary mirror, the X-axis tilt can compensate
for the Y-axis decentration, and the Z-axis defocus can be compensated for us-
ing movement of the interferometer in the Z-axis direction (shown in Table 2 ).
Consequently, only the numerical relationships between the system wave aberra-
tion and the misalignment in the three cases need to be taken into account: the
X-axis decentration of the secondary mirror (compensated by TY), the Y-axis
decentration (compensated by TX), and the Z-axis defocus (compensated by
DIZ).

Table 2. Relationship between the misalignment of the secondary
mirror

Optical parameters No mutual compensation Mutual compensation
Decentration X (DX) — TY
Decentration Y (DY) — TX
Defocus Z (PZ) — DIZ

We simulate scenarios in which the secondary mirror has X-axis decentration
and Y-axis decentration. The wavefront aberration performances of the five
local detection regions and the full aperture of the system to be detected display
coma, shown in Fig. 6A [FIGURE:6] and Fig. 6B. In Fig. 6A, the wavefront
aberration map of local detection region 1 indicates a low outer ring and a high
inner ring, while local detection region 2 shows a high outer ring and a low
inner ring. The wavefront aberration map of local detection region 5 reveals a
lower left and higher right outer ring and a higher left and lower right inner
ring, which is consistent with the trend of the wavefront aberration map of the
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corresponding local region when there is X-direction coma in the system. Fig.
6B shows the wavefront aberration map of local detection region 3 with a low
outer side and a high inner side, while local detection region 4 shows a high outer
side and a low inner side. The local detection area 5 shows that the outer circle
is higher on the upper side and lower on the lower side, while the inner circle is
lower on the upper side and higher on the lower side, which is consistent with the
trend of the wavefront aberration map of the corresponding local region when
there is Y-direction coma in the system. As shown in Fig. 6C, the wavefront
aberration maps of local detection regions 1 and 2 show a high outer ring and
a low inner ring, which is consistent with the trend of the wavefront aberration
map of the corresponding local regions when there is Z-direction defocus in the
system.

Regardless of whether the secondary mirror has decentration or tilt, the wave
aberration of this system presents in the form of coma. When a standard planar
mirror is placed at the eccentric position for detection, the wave aberration
images of the eccentric positions on both sides of the system have a distinct
difference in height. However, when the secondary mirror has defocus in the
Z-axis direction, regardless of where the planar mirror is placed in the eccentric
position, the wave aberration performance of the system remains the same.

The adjustment process initially uses a laser tracker for rough calibration, to con-
trol the relative position deviation between the primary and secondary mirrors
within a narrow range (measurement accuracy of the laser tracker is presented
in Table 3). The distance between the primary and secondary mirrors here is
3820 mm, so the measurement accuracy can reach 26.74 �m.

Table 3. Measurement accuracy of the laser tracker

Distance measurement performance Working range Resolution Accuracy (MPE*)
ADM-3D — 0.5 �m 15 �m or 0.7 �m/m (Whichever is greater)

*Maximum permissible errors

Volumetric accuracy (MPE) | 15 �m + 5 �m/m |
Precision level accuracy | — |

The simulation of the misalignment range of the secondary mirror, relative to
the primary mirror within 0.01–10 mm, incorporates the adjustment range of
the secondary mirror, human operation errors, and environmental disturbances,
in the optical design software. The numerical relationship between the wave
aberration measured in the local area and the misalignment is shown in Fig.
7 [FIGURE:7], and the numerical relationship between the wave aberration
measured in the full aperture and the misalignment is also presented.

Using the database of the system wavefront aberration RMS and the misalign-
ment of the secondary mirror established above, we find that under the same
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misalignment amount, the RMS sensitivity of the system wavefront aberration
is lowest during centering measurements. Therefore, we use a standard flat
mirror to first perform centering detection and then off-center detection. When
the RMS of the local wavefront aberration of the system is measured as 0.827𝜆
(𝜆 = 632.8 nm), the RMS of the full-aperture wavefront aberration can reach
0.0225𝜆.

4. 2mRST System Local Detection Model Establishment
We perform our calibration experiment on the 2mRST system according to our
established model. Fig. 8A [FIGURE:8] presents the coordinate axes of the
system, where point A is the central point on one side of the circumference
where the inner wall of the primary mirror intersects with the end face. With
the center point of the end face of the primary mirror as the origin O, the optical
axis of the system as the Z-axis, and the straight-line OA as the X-axis. We
measure the misalignment of the secondary mirror relative to the primary mirror
using a laser tracker for the rough calibration of the system (a photograph of
the equipment is shown in Fig. 8B [FIGURE:8]).

Table 4. Relative initial positions of the primary and secondary mir-
rors

Secondary mirror center relative to the origin Eccentric/mm Tilt/(°)
X-axis -1.17 0.184
Y-axis -0.2215 0

For fine calibration, we constructed a self-collimation optical path. The entire
self-collimation interferometric detection optical path consists of a 2-m-aperture
ring primary mirror, a ring secondary mirror, a 1.6-m-aperture standard planar
mirror, and a 632.8-nm laser interferometer (shown in Fig. 9 [FIGURE:9]).

When there is a misalignment in the secondary mirror and a standard flat mirror
offset l = 0 mm, the local wavefront aberration measured by the interferometer
is compared with the system wavefront aberration database, WVi(D;T;P;L) for
i=1,2,3,4,5, established in Section 2 through model comparison. Thus, the devi-
ation value (d;t;p) that the secondary mirror needs to adjust is calculated using
Equation (1). The initial system wavefront aberration manifests as coma, which
reveals a considerable relative decentration between the primary and secondary
mirrors. The interferometer acquires extremely fine interference fringes (shown
in Fig. 10A [FIGURE:10]). The RMS of the measured wavefront aberration
(WR5) is 0.8248𝜆 (𝜆 = 632.8 nm), as shown in Fig. 10B. Due to the influence
of the airflow mass above the primary mirror, the system wavefront aberration
(WV5) is 0.233𝜆, as shown in Fig. 10C. The status of the secondary mirror is
DX = 1.255 mm, DY = -1.8 mm, TX = 0.076568°, TY = 0.053385°.
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After multiple adjustments of the deviation value of the secondary mirror, when
the standard flat mirror was positioned at l = 0 mm, and the measured RMS
of the system wavefront aberration is shown in Fig. 10D. The fringes measured
by the interferometer are clearly distinguishable, as shown in Fig. 10E. The
RMS of the measured wavefront aberration (WR5) is 0.771𝜆 (𝜆 = 632.8 nm), as
shown in Fig. 10F. The system wavefront aberration causes astigmatism, mainly
induced by the support structure of the telescope system and the temperature
stratification of the large-aperture surface of the main mirror.

When the offset l of the standard flat mirror is 200 mm, the system interference
fringes are shown in Fig. 11A [FIGURE:11]. The RMS of the measured wave-
front aberration (WR1) is 0.541𝜆 (𝜆 = 632.8 nm), as shown in Fig. 11B, and
the RMS of the wavefront aberration (WV1) in the calibration model is 0.5476𝜆
(𝜆 = 632.8 nm), as shown in Fig. 11C.

When l = -200 mm for the standard flat mirror, interference fringes occur, as
shown in Fig. 11D. The RMS of wavefront aberration measured is 0.543𝜆 (𝜆 =
632.8 nm), as shown in Fig. 11E, and the RMS of the wavefront aberration in
the calibration model is 0.5437𝜆 (𝜆 = 632.8 nm), as shown in Fig. 11F.

The wavefront aberration of the system predominantly causes coma, resulting
from the tilting of the primary and secondary mirrors. The concurrent status
of the secondary mirror is DX = 0.87 mm, TX = 0.03705°.

After multiple adjustments of the position of the secondary mirror, when the
standard flat mirror is at l = 200 mm, the results of the measured wavefront
aberration of the system are shown in Fig. 12A [FIGURE:12]. The measured
experimental results from the calibration experiment indicate that when the
standard flat mirror is at l = -200 mm, the PV and RMS of the wavefront
aberration of the optical system under test are 5.523𝜆 and 0.541𝜆 respectively,
as shown in Fig. 12B, with wavefront aberration causing astigmatism. This
comes from the surface shapes of the primary and secondary mirrors and the
mirror support structures.

When l = 200 mm for the standard flat mirror, the PV and RMS of the wavefront
aberration are 4.935𝜆 and 0.786𝜆 respectively, completing the calibration, as
shown in Fig. 12C, with wavefront aberration causing astigmatism. This comes
from the surface shapes of the primary and secondary mirrors, the mechanical
support structure of the system, and temperature stratification in the local
environment.

5. Discussion
In contrast to traditional two-reflector systems, the alignment of small width-
to-radius ratio ring optical systems mainly presents two challenges: A smaller
width-to-radius ratio will lead to a reduction in the amount of effective measure-
ment data, while the relatively small radius of the standard flat mirror compared
to the overall system will also cause a decrease in effective measurement data.
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This section takes into account the system calibration accuracy of the above two
factors and analyzes the application scope of our proposed method.

Currently, the RMS accuracy of the wavefront aberration of commercial inter-
ferometers is 0.01𝜆. The filling factor of a local area is defined as the proportion
of the area of the standard flat mirror to the total light-receiving area of the
system, denoted by t = (𝜋r2)/(𝜋R2). As shown in Fig. 14

Figure 3: Figure 14

, when the standard flat mirror L is coaxial with the optical system and the
optical system has a misalignment, the detection results of a given commercial
interferometer under a different filling factor t and a different width-to-radius
ratio RWR can be simulated using optical design software.

With the same amount of misalignment, the RMS calculation accuracy of local
wavefront measurements decreases as both t and RWR diminish. The variation
in RWR has a more pronounced effect on the RMS calculation accuracy of the
system’s wavefront aberration compared to changes in t. When the misalign-
ment of the secondary mirror is decentration or tilt and the width-to-radius
ratio is RWR ≤ 0.5, or when there is a misalignment in the Z direction between
the secondary mirror and the primary mirror and the width-to-radius ratio is
RWR ≤ 0.8, the RMS accuracy of the local detection of the wavefront aberra-
tion of the system is much lower than that when the width-to-radius ratio is 1.
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Therefore, our proposed method needs to be employed for the calibration of the
optical system through local area detection and model comparison. When the
misalignment of the secondary mirror is decentration or tilt and the width-to-
radius ratio is RWR > 0.5, or when there is a misalignment in the Z direction
between the secondary mirror and the primary mirror and the width-to-radius
ratio is RWR > 0.8, the RMS accuracy of the local detection of the wavefront
aberration of the system approaches the same accuracy as when the width-to-
radius ratio is 1. Under these conditions, the RMS of the wavefront aberration
in the central area of the detection system of the standard flat mirror can be
calculated to guide the calibration of the optical system.

6. Conclusion
In this paper, we propose a new method for wave aberration detection in a 2-m
ring ground-based solar telescope system. The detection model uses optical de-
sign software with the actual parameters of the 2 m ring primary mirror, the ring
secondary mirror and the 1.6 m small-diameter standard flat mirror. We create
a dataset of the variation in system wave aberration with the degree of misalign-
ment of the secondary mirror. The wave aberration calculated by the detection
model is compared with that detected using interferometer measurements to
guide the calibration process. After the final local data splicing of the two sides,
the wave aberration of the approximate full aperture is measured as PV =
0.786𝜆 and RMS = 0.112𝜆, which meets the high-precision requirements of so-
lar observation. With the progress of solar observation technology, performance
requirements of solar telescopes continue to increase, needing correspondingly
higher resolution, better imaging quality and more stable observation capabil-
ity. In future work, we will test the application of this method to larger-scale
telescope projects, providing a clearer window for observing the Sun to obtain
accurate solar data.
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Figure 4: Figure 24
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