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Abstract: A freeform off-axis three-mirror anastigmat (TMA) optical system with a large field of
view (FOV) can obtain target image information with a larger spatial range and more spatial details,
which is a development trend within the realm of space optics. The optical aberration increases
exponentially with the FOV, resulting in a significant increase in error sensitivity for large-FOV
optical systems. To address this issue, a method for designing optical systems with a large FOV
and low error sensitivity is proposed. The FOV is gradually expanded from a small initial value in
equal-length increments until it reaches the full FOV. At each step, the error sensitivity is recalculated
and controlled to a lesser extent than in the previous step. In this design process, the freeform surface
is used to correct the aberration and obtain low error sensitivity. An optical system with a focal length
of 1000 mm and an F-number of 10 is used as an example, and the FOV is enlarged from 5° x 1° to
20° x 4°. The design results show that the modulation transfer function (MTF) of the optical system
can reach 0.45@50 Ip/mm, and the average wavefront aberration is 0.029A. After four rounds of FOV
expansion and error sensitivity optimization, the error sensitivity is reduced by 37.27% compared to
the initial system, which verifies the correctness and practicality of the method.

Keywords: freeform TMA optical systems; low error sensitivity; FOV expansion

1. Introduction

TMA optical systems can simultaneously correct spherical aberration, coma, and
astigmatism, and can achieve performance advantages such as a large relative aperture,
achromaticity, good spot diagram energy concentration, and no central obstruction [1-5]. It
has been successfully applied in optical systems of remote sensing cameras represented
by QuickBird, CARTOSAT-1, HiRIC, etc. [6-8]. In the field of space optics, to obtain target
image information with a larger spatial range and more spatial details, optical systems are
continuously evolving towards a large FOV while pursuing high resolution. A large FOV
means that the optical system can acquire a wider spectral range and a larger observation
range, resulting in a shorter revisit cycle and an improved temporal resolution for the
overall instrument. In the process of designing large FOV off-axis TMA optical systems, it
is difficult to achieve a large FOV with a simple surface type due to limited design degrees
of freedom (DOFs), and the imaging width is restricted. Freeform surfaces, benefiting
from their rich DOFs, is a hot topic within the realms of both imaging [9] and non-imaging
optics [10,11]. Freeform surfaces can be applied in off-axis TMA optical systems to balance
aberrations, expand the FOV, and improve image quality, bringing great convenience to the
production of high-performance optical systems with large FOVs [12-15].

The traditional design method for large-FOV off-axis TMA optical systems typically
involves initially obtaining a coaxial optical system, moving the coaxial system off-axis,
and subsequently optimizing it to achieve the final optical system. Due to the significant
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deviation between the initial coaxial optical system and the final structure of the large-
FOV off-axis system, the optimization design process is very complex. In 2018, Tang et al.
designed a freeform off-axis TMA optical system with a large linear FOV of 60° x 1° [16],
and Hou et al. designed a freeform off-axis TMA optical system with a large linear FOV
of 70° x 1° [17]. In 2019, Meng et al. designed a freeform off-axis TMA system with
a rectangular FOV of 80° x 4° [18]. The initial structures of the first two designs were
developed using the construction-iteration (CI-3D) method, while the initial structure of
the latter design was obtained by selecting a large-FOV optical system in the published
paper. The common denominator in the design process of these large-FOV freeform off-axis
TMA optical systems is adopting the method of expanding the FOV step by step. In the
expansion and optimization process, the design results obtained in the adjacent stages are
similar, making the optimization process simpler, thus this method is highly effective for
designing large-FOV optical systems.

However, in the production process of an optical system, a good design result is just a
starting point. The errors generated during the subsequent manufacturing and alignment
processes are the key factors that determine whether the optical system can achieve its
as-built performance [19]. Error sensitivity can characterize the image quality degradation
caused by errors in an optical system. Optical systems with low error sensitivity can obtain
a loose tolerance which reduces the production costs, while improving the feasibility of the
design result. According to the aberration theory, optical aberrations increase exponentially
with the FOV, leading to a significant increase in error sensitivity as the FOV expands. It is
of great significance to achieve high-performance off-axis TMA optical systems with large
FOVs while simultaneously reducing error sensitivity. This is crucial for the realization of
high-performance imaging in large-FOV freeform TMA optical systems.

Currently, the desensitization design methods for optical systems are the global opti-
mization method [20-23], the multiple structure method [24,25], and the parameter control
method [26-32]. In the design process of optical systems with a large FOV, freeform surfaces
are often used for image quality optimization. The wide range of the working FOV results
in certain differences in parameters for different working regions [33]. However, there is a
lack of clear guidance on desensitization design methods for freeform optical systems with
large FOVs in existing research methods.

In light of the above discussion, this paper provides supplementary analysis to the
desensitization design methods proposed by the team in the previous stage [28,30], aiming
to clarify the common factors between these desensitization methods, and guide the design
of freeform off-axis TMA optical systems. A design method of synchronously adjusting the
FOV and error sensitivity is proposed. While expanding the FOV, the surface parameters of
the newly added working region are controlled. This ensures that the evaluation function
values at the intersection points of each incidence ray and the mirror surface decrease,
allowing the optical system to achieve both a large FOV and low error sensitivity. Taking
an off-axis three-mirror optical system with a focal length of 1000 mm and an F-number of
10 as an example, the FOV is enlarged from 5° x 1° to 20° x 4°, and the error sensitivity
is reduced by 37.27% compared with the initial structure. And the average root mean
square of the wavefront error (RMS WEFE) is 0.029A (A = 632.8 nm), the MTF can reach
0.45@50 lp /mm, and the distortion value is less than 0.5%, the image performance of the
freeform off-axis TMA optical system performs well.

2. Error Sensitivity Analysis and Merit Function

In this paper, as in our previous research, the wavefront error (WE) is employed as
the criterion for evaluating image quality and analyzing error sensitivity. The change
in WE can effectively characterize the error sensitivity of the optical system, which can
be represented by AWE. The complexity of the surface type results in a different WE at
the intersection points of different incident rays and the mirror. This leads to varying
error sensitivity distributions at different positions within the same FOV and pupil, as
well as different working regions on the surface for different FOVs, resulting in varying
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error sensitivity. Therefore, this paper adopts the concept of “micro-elements” and treats
the complex freeform surface as a collection of numerous simple spherical surfaces. By
controlling the values of the characteristic parameters related to error sensitivity for each
spherical surface, the AWE caused by the passage of rays through optically disturbed
elements is minimized, thereby reducing error sensitivity. This method is applicable for
evaluating any smooth and continuous surface types.

According to the angle optimization desensitization design method targeting tilt
errors, it is known that the error sensitivity to tilt is positively correlated with the angle of
incidence. The mathematical model of single spherical mirror optical system is constructed
in Figure 1 to explore the relationship between the AWE and the angle of incidence when
the optical system generates decenter errors. The black curve represents the original state
of the reflective mirror, and the center of the mirror intersects with the optical axis at point
O. The blue dashed curve represents the state of the reflective mirror with decenter. The
incident ray intersects with the mirror at point A, and the reflected ray intersects with the
optical axis at point B. The decenter error of the mirror is assumed to be J, the incident ray
intersects with the mirror at point A4, and the reflected ray intersects with the optical axis
at point By.

N N
=+ Incident ray A Ad B
> )
N 2
-
= Mirror
=== Mirror with decenter pz, )
= [ncident ray ’
Incident ray with decenter

T

Figure 1. The mathematical model of single spherical mirror optical system.
Analyzing the reflective mirror with the decenter error, AWE can be expressed as
AWE = (NA; + AjB;) — (NA+ AB) = AA; + AsBs — AB, (1)

As shown in Figure 1, the mathematical model of a single mirror with decenter error
is partially enlarged. Point O is extended to point C by drawing a perpendicular line OC to
the extension of line AA;. Line A;0O; is then connected, and angle ZA;0,;C; is denoted as
. Line AO is connected, and angle ZAOC is denoted as . A perpendicular line is drawn
from point O, to line OC, intersecting line AO at point D. A parallel line is drawn from
point D to line A;0y, intersecting line AA; at point E.

Thus, AA; can be expressed as

AAy; = AE+EA,, )

In the parallelogram EA;0,;D, where DOj is parallel to and equal to EA, according to
the triangle relationships shown in Figure 1, we can determine the values of AE and EA;
as follows

AE = (h— Ah)(tan§ — tany), 3)

EA; = Ahtanf, (4)
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Thus, the AA,; can be rewritten as
AA; =htan — htany + Ahtanvy, (5)

For the same mirror and incident ray, once the decenter error J is determined, the point
at which the incident ray and the mirror intersect is also determined. Therefore, the angles
v and 8 are only related to J. According to Equation (5), when the basic parameters of the
optical system are fixed, AA; is a constant value and is independent of the incident angle.

Next, A;B;-AB is calculated. Assuming that AH be the tangent to point A and intersects
OC at point H, A;jH; be the tangent to point Ay, intersecting OC at point H;. The angle
between AH and A;H; is denoted as 1. Since the mirror surface is spherical, the following
angle relationships can be derived

/HAO = ‘B, ZHdAdOd =, /HAC = 2‘3, ZHdAdC = 2’)/, (6)

Therefore, the angle i is 21 8 — v 1, so the angle between AB and A;By, «, is equal to
218 — . The value of « is determined by the angles y and B, regardless of the direction of
the angle. Therefore, « is always positive and only depends on the decenter error 6. Thus,
we can calculate the value of A;B; — AB as

AyjB; — AB =hcsct —hesc(6+a),0 € (O,g), @)

In the equation, 8 represents the incident angle, which is the angle between the incident
ray and the normal to the mirror. It only represents the value and not the direction, so the
range of values for 0 is (0, 71/2).

Let us assume that A;B; — AB is denoted as Q. Then,

Q=hcscO—hcsc(0+a),0 € (0,%), (8)

In the production process, as the optical alignment accuracy improves, the decenter
error § should be a very small value and show a decreasing trend, and consequently, « is a
small constant value, which can be derived from the Newton-Leibniz formula

2
BiQ:“. (1+-cos 9)’ ©)
d0 sin’ @

The first derivative of Q with respect to 8 being greater than zero indicates that Q
monotonically increases with 6. The quantity A;B; — AB monotonically increases with the
incident angle 6.

From the above analysis, it can be concluded that AWE monotonically increases with
the incident angle, which is consistent with the conclusion of the tilt error sensitivity
analysis. The decenter error sensitivity is also positively correlated with the incident
angle. Therefore, whether controlling tilt or decenter error sensitivity, it can be achieved by
controlling the incident angle.

The incident angle can be represented by the normal slope. The schematic diagram of
the relationship between the incidence angle and the normal slope of the mirror is shown
in Figure 2, and to make it clearer, the variation on the mirror surface is not depicted. For a
given incident ray, due to the influence of errors, in Figure 2, the blue lines from dark to
light represent the tangent slope variation of the mirror surface at the intersection point
of the incident ray and the mirror, and the purple lines from dark to light represent the
normal slope variation on the mirror surface at the intersection point of the incident ray
and the mirror. If the mirror is concave, as shown in Figure 2a, the normal slope is positive,
and the smaller the normal slope, the smaller the incident angle 6. If the mirror is convex,
as shown in Figure 2b, the normal slope is negative, and the larger the normal slope, the
smaller the incident angle 6. Therefore, the incident angle 6 is positively correlated with the
absolute value of the normal slope. Thus, by controlling the absolute value of the normal
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slope at the intersection point of the incident ray and the mirror, the incident angle can be
controlled, thereby controlling the error sensitivity.

(a)

Incidence ray

(b)

Normal .7

Figure 2. Schematic diagram of the relationship between the incidence angle and the normal slope of

the mirror: (a) concave mirror; (b) convex mirror.

Since the optical surface is spherical, the mirror sag equation can be simplified as follows

C1’2

z= —7r——,2<0,
1+ V1—c?r?

where c is the vertex curvature and r is the radial distance of the mirror intersection point
from the optical axis.
The absolute value of the normal slope (AS), can be written as

(10)

cr
14+ V1 —c2%r2

where there is only one variable in the equation, the surface curvature. Taking the derivative
of AS with respect to ¢ can be expressed as

AS = ’ , (1)

0AS

1
- =—-———,C < O
de (1+\/1—02r2)3 12
AS_ 1 .o (12)

K (l+\/17c272)

Clearly, Equation (11) is greater than zero. AS increases monotonically with the
absolute value of ¢ (AC). Therefore, for a local position on the surface, as AC decreases,
AS decreases, and the incident angle decreases, resulting in a lower sensitivity to tilt and
eccentricity errors in the optical system.

Based on the above analysis, we propose the error sensitivity evaluation function MFy
for a single FOV in the optical system

(13)

where 7 is the serial number of mirrors, with a total of NM mirrors; w is the serial number
of rays within each FOV in the optical system, with a total of NR rays.
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The comprehensive error sensitivity evaluation function for the optical system is
denoted as MF. This evaluation function is applicable for evaluating the tilt and decenter
error sensitivity of all smooth and continuous surface shapes. MF can be written as

(14)

where f is the serial number of FOVs, with a total of NF FOVs.

3. Design Method for Freeform Off-Axis TMA Optical Systems with a Large FOV and
Low Error Sensitivity

Based on the previous analysis, a design method for freeform off-axis TMA systems
with large FOV and low error sensitivity is established, with the error sensitivity evaluation
function MF as the core, the schematic diagram of the design process is shown in Figure 3.
The main idea of the design method is to gradually control the MF value in the optical
system while expanding the FOV. This is achieved through surface type upgrades and
optimization design. The design method consists of the following steps:

(1) Construct the initial system of the optical system based on the design requirements
and set the initial structural constraints.

(2)  Set the conditions for FOV expansion and error sensitivity constraints for the N + 1th
round (starting from the initial system, N = 0):

a.  Set the error sensitivity threshold. Calculate the evaluation function value
MF based on the existing FOV and set it as the threshold for the sensitivity
evaluation. The error sensitivity in the subsequent design process should be
lower than MFE.

b.  FOV expansion. Set the step length for expanding the FOV of the optical system
based on the requirements. Gradually expand the FOV in the meridional and
sagittal directions with a certain step length.

C. Set error sensitivity constraints. After the FOV expansion, recalculate the eval-
uation function value MF’ for all FOVs. Control the MF’ value of the newly
added FOV to be lower than the threshold MF. This is the error sensitivity
constraint condition.

(3) Image quality optimization. Recalculate the structural constraints and optimize the
image quality of the optical system based on the structural constraints and error
sensitivity constraints. If the optical system does not meet the image quality require-
ments, increase the DOFs of the optical system, such as upgrading the surface type to
freeform surfaces, until the image quality meets the requirements.

(4) Determine if the FOV meets the requirements. If it does, output the freeform off-axis
TMA system with a large FOV and low error sensitivity that meets the image quality
requirements. If it does not meet the requirements, return to step (2).

The design method proposed in this paper expands the FOV in both the meridional
and sagittal directions. In the design process, the expansion of the FOV is synchronized
with the error sensitivity constraint. A schematic diagram of FOV expansion and error
sensitivity constraint condition is shown in Figure 4, the initial structure only has three
FOVs. By sampling the rays within the FOV and calculating the evaluation function
values (MF) for each FOV, an error sensitivity threshold is set. During the first round
of FOV expansion, the unknown area will be included as part of the working field, and
the evaluation function values (MF’) for all 15 FOVs need to be recalculated. The error
sensitivity constraint condition is set as MF' < MF, and the image quality is optimized until
the requirements are met. This process is repeated for subsequent rounds of FOV expansion
until a large-FOV off-axis TMA optical system with low error sensitivity that meets the
performance requirements is obtained.
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Input the index
requirements

The FOV need to be further expanded

Construct the
initial system

Y

Set the conditions for FOV expansion and
error sensitivity constraints for the N+1th
round (starting from the initial system, N=0)
Sensitivity Sensitivity .
. FOV . Image quality FOV
evaluation f= expansion > evaluaflon )# optimization ) judgement
MF MF
\7
Error sensitivity constraint:MF'<MF v
Output the results

Figure 3. Schematic diagram of freeform off-axis TMA systems with a large FOV and low error

sensitivity design process.

MEFEs, MFs, -+, MFs
MF:1 MF: MFs MF1 MF2 MFs
Unknow area Expansion FOV

ME=RMS(MFi,MF.,MFs) >  MF'=RMS(MF1,MF,:-:,MF))
Figure 4. Schematic diagram of FOV expansion and error sensitivity constraint condition.

4. Design Example
4.1. Construct Initial System

There are dozens of configurations for off-axis TMA optical systems, and the schematic
diagram of the off-axis TMA optical system selected in this paper is shown in Figure 5. The
stop is placed on the secondary mirror (SM), and the primary mirror (PM) and tertiary
mirror (TM) are relatively symmetrical. This configuration is advantageous for achieving a
large FOV, with a field angle ranging from 3° to 20°, while maintaining minimal distortion.

Image
plane

Figure 5. Schematic diagram of off-axis TMA optical system.
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RMS WEFE is used as the evaluation criterion for both image quality and error sensitiv-
ity. Based on the Maréchal criterion, the optical system should achieve an image quality
better than 1/14A. In the off-axis TMA optical system shown in Figure 5, the Random
Surface Errors (RSEs) of the PM and TM can reach 1/55A. With its circular rotationally
symmetric structure and compact size, the RSEs of the SM can reach 1/80A. During the
design process, as shown in Equation (15), the RMS WEFE of the optical system can be
controlled within 0.03A, while the other allocation margin can be left for alignment [18].

\/(0.03/\)2 + (2% A/55)% 4 (2 x A/55)% 4 (2 x A/80)* = 0.065A < 1/14A  (15)

The optical system design parameters, as shown in Table 1, set the obscuration ratios
of the SM to the PM and the TM to the SM to a; = 0.5 and a, = 1.5, respectively. The
magnification ratios of the SM and TM are 1 = 2 and B, = 0.5, respectively. Based on
the third-order aberration theory, an initial coaxial three-mirror optical system is solved.
The FOV is set to 5° x 1°, with the meridional direction ranging from —5.5° to —4.5° and
the sagittal direction ranging from —2.5° to 2.5°. Through image quality optimization,
“System 1” is obtained, with an average RMS WEFE of 0.021A. “System 1” serves as the
initial system for subsequent FOV expansion and sensitivity optimization. Both the PM and
TM are conic, while the SM is a spherical surface. “System 1” has a total of 9 FOVs, with
18 characteristic rays uniformly sampled within each field (the same ray sampling method
is used for each FOV in the subsequent design process as in “System 1”). We believe that
increasing the number of sampling rays can enhance the desensitization effect. However,
this also results in longer optimization times. Therefore, a compromise can be made by
selecting the appropriate number of sampling rays based on specific requirements. The
optical system error sensitivity is evaluated using the MF, and “System 1” has an MF value
of 0.866.

Table 1. Optical system index requirements.

Index Requirement
Focal length 1000 mm
F-number 10
FOV 20° x 4°
MTF 0.45@50 lIp/mm
Distortion 0.5%

In the subsequent design process, the inter-distance, curvature, and conic constant of
the optical system are also set as optimization variables to increase the DOFs. The total
length of the optical system is controlled to be smaller than the focal length. Additionally,
structure constraints need to be recalculated and controlled to guarantee non-crossing and
non-obscuration for each round of FOV expansion.

4.2. FOV Expansion and Error Sensitivity Optimization

According to “System 1” and the FOV required by the optical system, the FOV is set
to expand in the meridional direction with a step length of 0.5° (half of the FOV) and in the
sagittal direction with a step length of 2.5° (half of the FOV). And designers can determine
the step length based on the design requirements and the optimization time cost. The
schematic diagram of the FOV expansion process is shown in Figure 6.
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Meridian direction

Sagittal direction

Figure 6. Schematic diagram of the FOV expansion process.

Expanding the FOV from 5° x 1° to 20° x 4° requires three rounds of setting the
error sensitivity constraint for FOV expansion. The actual design process is illustrated in
Figure 7.

o8—nnunnnnnnn—n—————

—> Optimization process v 20°x4° !

'MF'=0.772

__Second round: x E

0.06 - o 159%3° :

' MF'=0.815

g : \ '

& | i

[ 1 1

= 0.04 | : :

N 10°x2° : Apply asphere ! !
= 0,03 | MF=0883...... /. Lot T | RMS WFE

/ : :E i[criterion value

X : N 20°%4°

002 oL Mmoo MFZ0743:

15°x3° Third round

MF=0.866 MF=0.831 MF=0.769
0.00 ' . : :
1 - 2 , 3 ] 4
System

Figure 7. The actual design process of an off-axis TMA optical system with a large-FOV and low
error sensitivity.

First, we set the error sensitivity constraint for the first round of FOV expansion. The
RMS WEE of “System 1” is shown in Figure 8a. The MF of “System 1” is 0.866, which is set
as the threshold for the error sensitivity evaluation. The FOV of “System 1” is expanded to
10° x 2°, with a total of 25 sampling FOVs. The RMS WEFE of the image quality degrades
to 0.028A while still meeting the image quality requirements. However, the calculated MF’
is 0.883, which exceeds the desired MF threshold. To control MF < 0.866, the image quality
is optimized, resulting in “System 2” with an MF of 0.831 and an RMS WEFE of 0.021A, as
shown in Figure 8b.
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Figure 8. Field map of RMS WEFE. (a) System 1, (b) System 2, (c) System 3, (d) System 4.

Then, we set the error sensitivity constraint for the second round of FOV expansion.
At this point, the MF of “System 2" is 0.831. The FOV of “System 2" is further expanded to
15° x 3°, with a total of 49 sampling FOVs. The MF after FOV expansion is 0.815, and the
RMS WEE is 0.052A, which meets the sensitivity requirements but not the image quality
requirements. To control MF' < 0.831, further image quality optimization is performed.
During the optimization process, an aspherical surface is introduced to the PM, resulting in
“System 3” with an MF of 0.769 and an RMS WEE of 0.0192, as shown in Figure 8c.

Next, we set the error sensitivity constraint for the third round of FOV expansion. At
this point, the MF of “System 3" is 0.769. The FOV of “System 3” is expanded to 20° x 4°,
with a total of 81 sampling FOVs. The MF' is 0.772, and the RMS WEFE is 0.067A. To
control MF’ < 0.769, further image quality optimization is performed. During the design
process, we should use as few freeform surfaces as possible and a proper number of
aspherical surfaces to reduce the cost and manufacturing complexity. Thus, a fifth-order
XY polynomial freeform surface is applied on the TM, and only even order terms of x are
retained. Then, we obtain the final design, “System 4”, with an MF of 0.743 and an RMS
WEE of 0.029A, as shown in Figure 8d.

The optimization process for error sensitivity during FOV expansion has yielded four
intermediate results, referred to as “System 1” to “System 4”, all of which exhibit good
image quality. Throughout the process of expanding the FOV, the image quality in “System
1”7, “System 2”, “System 3”, and “System 4” is uniformly distributed. The layout of these
systems is shown in Figure 9. The systems have a total length less than the focal length of
1000 mm, satisfying the structural constraints.
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=
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Figure 9. System layout. (a) System 1, (b) System 2, (c) System 3, (d) System 4.

“System 4” is the final design result that meets the requirements of the optical system
specifications. The image quality of “System 4” is symmetric about the Y axis, the image
quality of half of the FOV can be extended to the full FOV. The MTF of “System 4” is shown
in Figure 10a—c, the MTF values for each FOV in the optical system meet the requirements of
0.45@50 Ip/mm. The grid distortion of “System 4” is shown in Figure 10d, with a maximum
distortion of 0.5%. The distortion is controlled within a very small range.

(b) 1
_»; Diffraction lll’nlt —-X Diffraction limit
TN 05, -3) T2Y e, -69) : g 0.5 | T r(-25° -3) 1 (25 -6%)
x40 Y, -7) TN(e250 -4 L(-25° 7)) (-5%, ) (-5 ~69)
v, -5) . TN(-25%, -5 (-5%-3) Y (=5°, =59 _y (-5 ~7")
10 20 30 40 50 0 10 20 30 40 50

Spatial frequency in cycles per mm Spatial frequency in cycles per mm
"""" ; Diffraction limit o Actual FOV
= oy
-1 o [} Y o ) —Y o o —Y —10° —/° h—
__)Y((—7.5,—4) Y (575% =7 (=10°, ~49 ) (-10°, =6°) 5 araxia
TIN50, -5 p(-10°, =37 X (=107 =5°) y (<10° =7°) o

o 3L
0 10 20 30 40 50 T :
Spatial frequency in cycles per mm X field angle (deg)

Figure 10. (a—c) MTF of “System 4”; (d) grid distortion of “System 4”.

4.3. Error Sensitivity Analysis

The four intermediate results generated during the design process meet the image
quality requirements and the structural and error sensitivity constraints. MF is the eval-
uation function for sensitivity of the optical system, and the MF values for “System 1”,
“System 2”, “System 3”, and “System” are 0.866, 0.831, 0.769, and 0.743, respectively. The
decreasing MF values indicate an increasing robustness of error sensitivity. To validate
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and demonstrate the effectiveness of the error sensitivity evaluation function, sensitivity
analysis is performed on the four systems using a Monte Carlo simulation method with a
sample number of 2000. Random tilt errors (sagittal: 10", meridional: 10”) and decenter
errors (sagittal: 0.5 mm, meridional: 0.5 mm) are applied to each optical surface of the
four optical systems, and the degradation of the RMS WEFE is statistically analyzed. The
image quality degradation is represented by ARMS WFE, and the Monte Carlo statistical
results of ARMS WEFE for “System 17, “System 2”, “System 3”, and “System 4” are shown
in Figure 11a—d. A comparison between the MF, error sensitivity ARMS WFE, and image
quality RMS WEFE of the four systems is shown in Figure 11e. The error sensitivity of
“System 17 is 0.041A, “System 2” is 0.037A, “System 3” is 0.033A, and “System 4” is 0.026A.
As the evaluation function value MF decreases, the Monte Carlo statistical results of ARMS
WEE show a more concentrated distribution. The ARMS WEFE distribution for “System 1”
and “System 2” is within the range of (0, 0.155A), while for “System 3”and “System 4” it is
within the range of (0, 0.125A). This indicates that the MF is directly proportional to error
sensitivity, with lower MF values corresponding to lower error sensitivity, confirming the
correctness and effectiveness of the evaluation function.

(a) 500
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Figure 11. (a-d) Optical system error sensitivity distribution for “System 1” to “System 4”; (e) MF,
RMS WEFE and ARMS WFE comparison chart for “System 1” to “System 4”.

5. Discussion
5.1. Discussion of the Desensitization Design Method

In recent years, our team has been actively engaged in the investigation of desensi-
tization design methods. We have proposed a series of innovative methods, including
the angle-optimized desensitization design method based on optical path difference varia-
tion [28], and the local curvature control desensitization design method based on wavefront
error variation [30].

This paper provides supplementary analysis on these two desensitization design
methods proposed by our team. We developed a mathematical model for a single spherical
mirror with the decenter error, as is shown in Figure 1. We proved whether it reduces
the sensitivity to tilt errors or decenter errors, which can be achieved by decreasing the
incidence angle at the intersection point of the incident ray and the mirror. In the process of
gradually expanding the FOV, the working area is enlarged, upgrading the surface type to
a freeform surface to increase optimization DOFs is indispensable. Therefore, it is necessary
to propose a method to desensitize the freeform optical system. Characterizing the error
sensitivity of freeform surfaces involves combining the concept of “micro-elements” used
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in evaluating freeform surface error sensitivity. Here, the entire freeform mirror is treated
as a collection of numerous spheres, and the incidence angle on each sphere is determined
by its curvature.

We demonstrate that the incident angle on a spherical mirror can be expressed in
terms of curvature, revealing the profound connection between these two desensitization
design methods. Thus, an error sensitivity evaluation function, MF, is used for propos-
ing a desensitization design method for freeform optical systems. Compared to some
traditional desensitization design methods, this method does not require high demands
for the designers, thus, they can modify the evaluation function to be suitable for the
optimization process.

5.2. Discussion of the Combined Design Method and Design Results

In this paper, a combined design method for freeform TMA optical systems with a
large FOV and low error sensitivity is proposed based on the step-by-step optimization of
the FOV and error sensitivity.

The method that we used to obtain a large FOV and low error sensitivity is to expand
the FOV and constraint the MF step by step, as shown in Figure 4. By gradually expanding
the FOV, the incremental differences between each successive design result are minimal,
and it is easier to correct the aberration induced by the expanded FOV. If desensitization
is performed after the FOV meets the requirements, it will be difficult to carry out the de-
sensitization design process due to the difference in direction between desensitization and
the FOV expansion process. And desensitizing can also gradually narrow the gap between
the current structure and the final structure, reducing the complexity of desensitization
optimization. Thus, we adopt such a method, and in each round of FOV expansion, error
sensitivity is constrained, and an ideal optical system is obtained through surface type
upgrading and image quality optimization.

As the FOV expands, according to the aberration theory, the error sensitivity should
increase dramatically. As shown in Figure 11, as the MF gradually decreases, the optical
system’s error sensitivity also decreases gradually, confirming the correctness of the error
sensitivity merit function.

During the design process, we implemented the even aspherical surface on the PM, and
applied XY polynomials freeform surface on the TM. The XY polynomial freeform surface
on the TM is an effective option for desensitizing off-axis TMA optical systems [3]. Certainly,
other types of freeform surfaces can also be used to achieve such designs according to
the specific requirements. The sensitivity evaluation function and desensitization design
method we proposed are applicable to any smooth and continuous surfaces. And in a
further study, the differences in error sensitivity among different types of freeform surfaces
will be explored for a more comprehensive and integrated analysis.

6. Conclusions

The freeform TMA optical system with a large FOV and low error sensitivity is robust
against misalignments. In this paper, the angle-optimized desensitization design method is
extended to reduce decenter error sensitivity. By adopting the concept of “micro-elements”,
the error sensitivity merit function for freeform surfaces is constructed. Combined with
the FOV expansion process, conducting desensitization in each step of the FOV expansion
allows us to gradually approach the ideal goal of error sensitivity and FOV.

A freeform off-axis TMA system with a focal length of 1000 mm, an F-number of 10,
and a wide FOV of 20° x 4° was designed using the proposed design method in this paper.
The design results demonstrate that the system exhibits high imaging quality, with an RMS
WEE of 0.029A. A series of incremental design results consistently show high image quality
and low error sensitivity, confirming the correctness of the evaluation function MF and the
effectiveness of the desensitization design method. This design has valuable implications
for space optical systems that require high resolution, a large FOV, and low error sensitivity.
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