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Curvature Sensing-Based Pupil Alignment Method
for Large-Aperture Telescopes

Qichang An"”, Hanfu Zhang

Abstract—In optical systems, pupil alignment is an important
component of wavefront sensing, closed-loop feedback, and imag-
ing vignetting control because it directly affects the detection limit
of the system and thus the realization of scientific goals. This study
proposes the use of the energy transfer characteristics of the pupil
edge to determine the misalignment of each pupil. The mechanism
involves decoupling the influence of each pupil from the final exit
pupil energy distribution by using aperture coding without the
addition of other optical paths. The degree to which the pupil is
aligned is characterized by the normalized point source sensitivity
(PSSn). The pupil misalignment PSSn increased from 0.75 to 0.83.
The results of this study can be used to perform tomographic
detection of pupil alignment and obtain high-quality telescopic
images.

Index Terms—Aperture coding, curvature sensing, large-
aperture telescope, pupil misalignment.

1. INTRODUCTION

ESEARCH on important astronomical topics, such as

black holes, dark matter, and the origin of the universe,
requires large telescopes with an aperture size of at least 10
m [1]. The resolution and detection limit of a telescope are
inversely proportional to the aperture diameter and the square of
the diameter, respectively. If the diameter of an optical system
is more than 10 m, the focal length can be several hundred
meters; this requires precise pupil alignment along the optical
path, which is difficult to achieve.

For traditional small-aperture systems, external disturbances
can only produce minor rigid body displacements of the optical
components. Because of the short focal length of these systems,
pupil misalignment affects only adjacent pixels. Thus, improv-
ing the pupil alignment in these systems involves increasing the
structural rigidity or employing image processing methods.
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However, for large-aperture telescopes, which have long focal
lengths and wide fields of view (FoVs), pupil misalignment
can reduce the integrity of the edge of the FoV (i.e., cause
vignetting) and limit the detection sensitivity. Off-axis stray
light can further reduce the detection sensitivity. For exam-
ple, in exoplanet searches, it is necessary to use a corona-
graph to block the host star. If the pupil is misaligned, the
starlight will leak through and diffract, reducing the contrast
in the image and decreasing the likelihood of detecting an
exoplanet. For wavefront sensing, pupil misalignment degrades
the wavefront reconstruction accuracy and reduces the iterative
correction speed, as investigated in the Thirty Meter Telescope
(TMT) [10]. To address the issues stated above, this study
focuses on the perception and adjustment of pupil misalign-
ment. An example of pupil alignment performed well is the
James Webb Space Telescope (JWST), which uses characteristic
patterns to realize on-orbit adjustment. Specifically, a micro-
metric collimating telescope is used to achieve rough align-
ment of the optical components. The final system alignment
is achieved by clipping the pupil image in front of the camera
within 5% [2], [3], [4].

For long-baseline interferometric systems, pupil misalign-
ment can also reduce the visibilities (i.e., amplitudes of the inter-
ference fringes). To overcome this, in the GRAVITY instrument
of the 100-m Very Large Telescope Interferometer (VLTI), a
Hartmann sensor is used to correct the pupil misalignment in
three dimensions; this decreases the pupil misalignment to less
than 1% [5].

The Global Astrometric Interferometer for Astrophysics
(Gaia) is a space-based sky survey telescope in which the
focal plane is composed of the FoVs of two telescopes. The
angular accuracy of the intersection of its optical axes is
0.5 pas. Accordingly, its pupil alignment accuracy is sufficiently
high to ensure that the error caused by pupil misalignment does
not affect the positioning of the optical axis. Gaia also uses a
Hartmann sensor (unit size 387 pm) for pupil surface detection,
with a pupil misalignment error of less than 3% [6].

In addition, for the large-aperture collimator of the Large
Optical Test and Integration Site built by Lockheed Martin in
Sunnyvale, California, a method involving the bonding of a
target on the mirror’s surface is used to ensure the quality of
the outgoing wavefront. This is done to establish a relationship
between the light intensity distribution on the plane of the exit
pupil and the alignment of each pupil. This is an example of
the approach that aligns the pupil by measuring the energy
distribution [7], [8], [9].
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Adaptive optics systems in telescope are important for mit-
igating the impact of atmospheric turbulence and generating
high-resolution images. In imaging using adaptive optics, the
energy distribution between the pupil edge and the wavefront
sensing element directly affects the real-time correction. This
phenomenon can be observed in ultra-large-aperture telescopes
owing to the utilization of a large number of optical elements to
enhance pupil misalignment and a long optical path relay, which
causes geometric amplification. Therefore, additional tools are
needed for pupil alignment. For example, to achieve better
self-adaptive correction, the Thirty Meter Telescope (TMT) uses
a wavefront sensor for pupil detection to ensure that the pupil
misalignment is less than 1% [10], [11], [12].

The methods stated above require an additional specific op-
tical path for pupil alignment. Furthermore, it is impossible to
simultaneously measure the system wavefront and pupil mis-
alignment correction. The corresponding solutions based on sin-
gle exit pupil measurements are prone to matrix ill-conditioning
and fail to detect pupil alignment. In addition, methods based
on additional wavefront sensors or reflective targets require light
splitting or can only be aimed at a specific optical path [13], [14],
[15], [16].

Therefore, this study proposes the use of energy transfer
characteristics of the pupil edge to determine the misalign-
ment of each pupil. Specifically, the influence of each pupil
is decoupled from the final exit pupil energy distribution using
aperture coding without the addition of other optical paths. Using
this method, the tomographic detection of pupil alignment and
high-quality telescopic imaging can be achieved.

The remaining of this paper is organized as follows. In Sec-
tion I, aperture coding and curvature sensing are combined to es-
tablish the tomographic solution. In Section III, the non-out-of-
plane and out-of-plane errors are analyzed and verified. We also
demonstrate that this method can correct different characteristic
errors. Section IV presents an experimental verification. Finally,
Section V summarizes this study and draws the conclusions.

II. BASIC DERIVATION

In our analysis, a mask is introduced to coding the wavefront
and the mask was mounted onto an element in the optical path
of the system (or a special filter was used). If the pupil was not
shifted, the energy distribution of the final focal spot was only
related to the shape of the optical system. However, if the pupil
was shifted, different masks produced specific energy boundary
effects, which in turn affected the focal spot energy distribution.
The basic principle behind pupil measurement and alignment
is shown in Fig. 1, which indicates that the system wavefront
and pupil alignment information can be obtained simultaneously
using wavefront curvature sensing.

Wavefront curvature sensing is a technique that analyzes the
wavefront based on the second derivative of the wavefront. A
change in the local curvature of the wavefront causes a corre-
sponding change in the light intensity distribution.

According to this change in the local curvature, the radial
direction of the wavefront can be estimated. The difference in
the light intensity along the optical axis can be used to estimate
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Fig. 1. Basic principle behind pupil measurement and alignment.
the wavefront curvature, and the wavefront phase information
can be extracted from the curvature signal using the method that
will now be described.

Suppose the system wavefront is expressed as

27 A

W (u,0) = exp [j sin(27ruf)} , (1

where u denotes the spatial frequency and f denotes the charac-
teristic frequency of the wavefront.
If the pre-focus light intensity distribution is

(W |?

Iy
= exp [(ej7r‘f‘2z+A — eij”‘fﬁz“\) jk (Asin (27uf + @))}
= exp [72 sin (7r|f|2,z+k> jk (Asin (2ruf + @)} . @

and the after-focus light intensity distribution is

I =|w_?

exp [—2 sin (w\f|22,k) jk (Asin (2muf + ¢)

+ Asin (27uf))], 3)
then the curvature signal is

I, — I —Aknl|f[’(2) (sin (27uf))
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_ - Akr|f)?(Az) (sin (7uf))
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Next, the differential method can be used to analyze the pupil
deviation. In polar coordinates, the error introduced by the small
pupil position transformation can be obtained by differentiating
along the axial and radial directions. The bias varies with the
square of the sub-aperture position primarily because of the
coupling between the rotational and positional accuracy in polar
coordinates.
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Fig. 2. Biased pupil alignment and focal spot energy distribution. (a) Wave-

front after aperture coding. (b) Recovery of wavefront. (c) Original wavefront.
(d) Intra-focus plane intensity distribution. (e) Extra-focus intensity distribution.
(f) Intensity difference. (g) biased pupil correlation function.

III. SIMULATION ANALYSIS

The systematic wavefront error can be divided into non-out-
of-plane and out-of-plane errors. The non-out-of-plane error
refers to the translation and rotational errors between the pupils,
while the out-of-plane error refers to the error in the direction
perpendicular to the mirror’s surface. After the optical element
system is coupled with the optical path, the two types of errors
mentioned above can be measured.

The experiment part is mainly based on the two mirror system
for verification, where we use two masks to encode the wavefront
aperture, and based on this, we can verify the ability of aperture
encoding to adjust the pupil maladjustment.

A. Alignment of Out-of-Plane (lateral) Error of the Pupil

A simulation of the lateral alignment of the pupil of a large-
aperture telescope was conducted. The aperture coding of the
superimposed aperture is presented in Figs. 2 and 3.

Owing to different misalignments in the system, the image
of the defocused star displayed different energy distributions,
which caused aperture deviation. By reconstructing the wave-
front according to the energy distribution, the high spatial fre-
quency variation in the wavefront caused by pupil misalignment
can be determined. As can be observed from Figs. 4 and 5, the
misalignment corresponding to a rectangular mask was obtained
based on a circular mask.
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Fig. 3.  Well-aligned pupil and focal spot energy distribution. (a) Wavefront
after aperture coding. (b) Recovery of wavefront. (c) Original wavefront.
(d) Intra-focus plane intensity distribution. (e) Extra-focus intensity distribution.
(f) Intensity difference. (g) Unbiased pupil correlation function.
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Fig. 4. Pupil longitudinal error. (a) Wavefront after aperture coding.
(b) Recovery of wavefront. (c) Original wavefront. (d) Intra-focus plane inten-
sity distribution. (e) Extra-focus intensity distribution. (f) Intensity difference.
(g) Pupil correlation function.
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Fig. 5. Correlation distribution of the pupil longitudinal error of the seg-
mented mirror. (a) Wavefront after aperture coding. (b) Recovery of wavefront.
(c) Original wavefront. (d) Intra-focus plane intensity distribution. (e) Extra-
focus intensity distribution. (f) Intensity difference. (g) Pupil correlation func-
tion.
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Traditional evaluation methods cannot directly measure pupil
misalignment. Normalized point source sensitivity (PSSn) de-
termines the average of the point spread function in the imaging
area. The definition of the PSSn is

[[ |PSF.*|PSF. .|’
A(z,y)

ff |PSFt+a|2
A(z,y)

[ |OTF.*|OTFy |
:A(f%fy)

[] 10TF,.|?
A(z,y)

PSSn =

) &)

where PSF, and PSF,, represent the point spread function
of the telescope error and the point spread function of an ideal
telescope under the influence of seeing, respectively; OT'F, and
OTVF;,, denote the optical transfer function of the telescope
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error and that of an ideal telescope under the influence of seeing,
respectively; and A(z,y) and A(fs, f,) denote the integral
regions of the spatial and frequency domains, respectively.
According to (7), an appropriate method can be selected to
calculate the PSSn. After Seo proposed the PSSn in 2009, the
error distribution in the entire frequency band of the TMT has
been characterized by the PSSn. In 2016, Angeli conducted a
system-level modeling of the Large Synoptic Survey Telescope
and analyzed the error in each frequency band using the PSSn.
In 2018, Angeli used the PSSn to assign errors to the two
working modes of natural seeing and surface adaptive optics
of the Giant Magellan Telescope, and used a PSSn greater than
one to simulate the intermediate frequency (IF) error correction
link in the adaptive optics [12]. For pupil alignment, the PSSn
can be multiplied by the misalignment ratio of the aperture as
an evaluation index. This approach considers the optical quality
of the system and the pupil alignment characteristics. For pupil
alignment, the PSSn can be obtained via a correlation operation.

The PSSn is increased from 0.75 to 0.83, as shown in Figs.

2(g) and 3(g).

B. Adjustment of Out-of-Plane (longitudinal) Error of the
Pupil

A longitudinal error primarily refers to defocusing. In this
study, multi-dimensional sensing and fusion processing of the
optical element state were performed via aperture coding and
curvature sensing. The pupil longitudinal error is shown in Fig. 4;
the PSSn value was 0.67.

For a segmented mirror (with 18 blocks) similar to that of the
JWST, the results are presented in Fig. 5; the PSSn value was
0.61.

IV. EXPERIMENTAL VERIFICATION
A. Alignment of Non-Out-of-Plane (Lateral) Error of the Pupil

In an experiment involving pupil lateral alignment, the relative
positional relationship between the two apertures was obtained
using different aperture codes. In addition, using the peripheral
envelope, the relative defocusing introduced by different pupils
was determined. The adjustment process conducted according
to the out-of-focus image of the star is presented in Fig. 6. The
degree of pupil alignment was characterized by the PSSn. During
our evaluation, the PSSn increased from 0.32, 0.75 to 0.89.

B. Adjustment of Non-Out-of-Plane (Longitudinal) Error of
the Pupil

An anamorphic mirror was used to simulate the longitudinal
wavefront error of the pupil. The experimental optical path is
presented in Fig. 7(a) A lens was used to generate the basic
aberration mode for comatic aberration. Datal~data3 means
different measurements of different conditions, whose aberra-
tion is lower step by step(11, RMS to 0.25A, RMS, A = 633
nm). The PSSn values of the wavefront were 0.9633(datal),
0.9726(data2), 0.9940(data3), respectively. The difference in the
focal spot distribution and the corresponding wavefront results
are presented in Fig. 7(h).
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Including defocusing changes and component tilts, one sub-
aperture in the mask was used to sense the wavefront curvature to
achieve three-dimensional correction of the pupil misalignment,
which decreased the pupil misalignment to less than 5%.

V. SUMMARY AND CONCLUSION

In this study, by sensing pupil displacement and wavefront
errors, high-sensitivity detection and precise astronomical ob-
servations were achieved. Through aperture coding and cur-
vature sensing, the tomographic solution of pupil alignment
was determined. Furthermore, the influence of stray light and
secondary reflected light on the solution was reduced, and the
detection reliability was improved.

In the future, the results of this work can effectively improve
the alignment accuracy of large telescopes through targeted
sensing and adjustment.
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