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Abstract: The realization of the final performance of the optical system depends not only
on the aberration correction of the optical design but more importantly on the control of the
position error of the optical element during the construction process. Therefore, reducing the
error sensitivity of the optical system is an important part of the optical system design process.
In order to obtain an optical system with low error sensitivity, this paper proposes an evaluation
function of the tilt error sensitivity of the optical system and establishes a desensitization design
method for the optical system. Taking an off-axis three-mirror optical system as an example
for desensitization design. By comparing the variation of wave front error (WFE) caused by
the tilt error of the optical system before and after the desensitization design, the correctness of
the evaluation function and the effectiveness of the desensitization design method of the optical
system are proved.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Error sensitivity can reflect the degradation of image performance after misalignment of optical
system. Optical systems with low error sensitivity have looser tolerance requirements, which can
better reduce the difficulty of optical system processing and assembly as well as reduce optical
system manufacturing costs, making the system more feasible.

As an important classification of optical system types, reflective optical systems have many
applications or plans in advanced optical systems, including a large number of coaxial reflective
optical systems such as ground-based optical telescopes [1–3], Hubble Telescope [4], James
Webb Space Telescope [5], and off-axis reflective optical systems, such as “Tianwen-1” High
Resolution Imaging Camera (HiRIC) [6], free-form imaging systems [7–9], large space telescope
[10–12]. With the continuous improvement of application requirements, reflective optical systems
are developing in the direction of large aperture, long focal length, large field of view (FOV),
and surface complexity, and the corresponding error sensitivity and manufacturing cost have
become higher and higher. Therefore, the theoretical research on the influence of optical system
parameters on the error sensitivity of optical system and the establishment of the design method
of reflective optical system with low error sensitivity are helpful to reduce the difficulty and
cost of optical system construction, which is of great significance to the development of optical
instruments.

In order to obtain the optical system with low error sensitivity, in the absence of error sensitivity
theory and desensitization design method, it is often necessary to carry out the optimal design of
a large number of samples, analyze the tolerance of a large number of optimization results, and
select the design results with low error sensitivity. This design process is not only inefficient, but
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also blind. In order to effectively obtain optical systems with low error sensitivity, researchers
have proposed and established a variety of error sensitivity evaluation functions from different
perspectives and carried out research on optical system desensitization design methods. The
more typical method at the beginning of the research is the global optimization method [13],
in which the system with good tolerance robustness is selected from a large number of design
samples to obtain an optical system with low error sensitivity by using the traditional large-sample
optimization-iterative method. With the improvement of the understanding of error sensitivity,
optical designers have gradually shifted their research focus to the control of key parameters in
optical systems, and the representative methods are: “ Adjustment-Optimization-Evaluation”
(AOE) desensitization design process [14], “θ-segmentation” method [15,16], the multiple
structure method [17], and the method to control the aspheric surface parameters [18] and so
on. Other scholars found that some aberrations of optical systems have a large impact on the
error sensitivity, and accordingly proposed the method of adding aberration control factors in the
optimization process [19,20]. In recent years, with the continuous improvement of the design
index of optical systems, more and more design methods for optical systems with free-form
surface are proposed [21–25], and some scholars found that the application of free-form surface
can reduce the error sensitivity of optical systems [26–29].

Tilt is a representative form of error (misalignment) in the optical system. If the optical path
difference (OPD) is used as the image performance evaluation criterion, when the optical system
with low error sensitivity is interrupted by the error, and the variation of OPD is small. In this
paper, the relationship between the OPD variation due to the tilt error of the optical system
and the parameters of the optical system is studied theoretically based on the geometric optics
method. The tangent slope at the intersection of the ray and mirror is identified as the key factor
to characterize the error sensitivity of the optical system, and the tilt error sensitivity evaluation
function S with the tangent slope as the core is proposed. A comprehensive reflective optical
system design method with low tilt error sensitivity is established. The method takes into account
the uniformity of the error sensitivity of each mirror of the system while optimizing the imaging
performance of the system and controlling the tilt error sensitivity of the optical system. By
introducing the standard deviation of the error sensitivity in the evaluation function, the error
sensitivity of one mirror in the design scheme is avoided to be too high.

In order to verify the correctness of the theoretical research results and the effectiveness of
the desensitization design method, an off-axis three-mirror optical system with a focal length of
100 mm, an F-number of 5, and an FOV of 1°×1° was used as an example to design an optical
system with low tilt error sensitivity. The correctness and validity of this paper were verified
by comparing the variation of WFE due to tilt error of the optical system before and after the
desensitization design.

2. Theoretical analysis of tilt error sensitivity

OPD is a common criterion for evaluating the imaging performance of an optical system in
geometric optics. This section applies the method of ray tracing to analyze the mathematical
relationship between the variation of OPD and the parameters of the optical system when the
optical system is interrupted by tilt error, and then proposes an evaluation function for sensitivity
to tilt error.

2.1. Mathematical model of the single-mirror optical system

First, a mathematical model of single-mirror reflective optical system is established, as shown
in Fig. 1. In the figure, the Z-axis is the optical axis, and the incidence ray propagates in the
direction of the optical axis. PM and PM’ are the original position state of the mirror and the
position state with the tilt error. Point O is the intersection point of the mirror and the optical
axis, and the IMP is the image plane. The distance from the image plane to the point O is L. In
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order to simplify the understanding, the mirror surface adopts the common conic surface, and the
form is as follows:

z =
cr2

1 +
√︁

1 − (1 + k)c2r2
, (1)

where z is the sag of the surface parallel to the optical axis, c is the curvature of the surface, k is
the quadric constant and r is the radial distance.

Fig. 1. Mathematical model of single-mirror optical system

The tilt error of the mirror is often two-dimensional, and any tilt error can be decomposed
into two directions. In order to facilitate analysis, we make a coordinate transformation. The V
coordinate axis is established according to the comprehensive tilt direction, as shown in Fig. 2(c).
When the mirror tilts, a comprehensive oblique plane is selected for analysis. The tilt error
diagram of the mirror is shown in Fig. 2. The black ellipse outline represents the original state of
the mirror, while the red shaded line area in Fig. 2(a) represents the mirror with tilt error in the
sagittal direction, and the sagittal tilt error angle is ρ; the blue shaded line in Fig. 2(b) represents
the mirror with the tilt error in the tangential direction, and the tangential tilt error angle is µ; the
green shaded line in Fig. 2(c) represents the mirror with the integrated tilt, and the integrated tilt
error angle is α.

Fig. 2. Mirror tilt error diagram. (a) Mirror with sagittal tilt, (b) Mirror with tangential tilt,
(c) Mirror with integrated tilt

The up ray of the tilted oblique section is selected as the characteristic ray for analysis. Before
the tilt error generated, the intersection of the incidence ray with the mirror and the IMP is A, B,
respectively, and the OPD of the characteristic ray is:

OPD = HA + AB − (BO + OB). (2)
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After the tilt error generated, the intersection of the incidence ray with the mirror and the IMP
is A’, B’, respectively, and the OPD’ of the characteristic ray is:

OPD′ = HA′ + A′B′ − (BO + OB′). (3)

The variation of OPD is as Eq. (4), we divide the variation of the OPD into three parts for
analysis, namely: Part I, Part II, Part III:

∆OPD = OPD − OPD′

= AA′⏞⏟⏟⏞
Part I

+AB − A′B′⏞ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄⏞
Part II

+OB′ − OB⏞ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄⏞
Part III

. (4)

As for Part I, Fig. 3 is a simplified diagram of Part I. Make a perpendicular to the extended
line of incidence ray through point O and intersect at point C, where α is the tilt error angle, β is
the angle between OA and OC, the height of the incidence ray is h. Part I is derived from the
geometric relationship:

AA′ = A′C − AC
= h tan(α + β) − h tan β
≈ h tanα.

(5)

Fig. 3. Part I of ∆OPD

The analysis of Part I shows that the variation of AA’ is only related to the tilt error angle α.
In order to give the mathematical relationship concisely, so that let the mirror surface be a

paraboloid, that is, k= -1. Use point O as the origin to establish a Cartesian coordinate system.
The direction of the optical axis is the positive direction of the Z axis, and the upward direction
of the origin is the positive direction of the V axis. The mirror equation can be expressed as:

v =
√︃

2z
c
(z<0). (6)

The coordinates of point A can be obtained as A(− 1
2ch2, h), and the coordinates of point A’ is

A′(− 1
2ch2 − h tanα, h). Based on this, A’H can be calculated as:

A′H = L −
1
2

ch2 − h tanα. (7)

According to the trigonometric function relationship, AB and A’B’ are calculated as:

AB =
AH

cos 2θ
. (8)

A′B′ =
A′H

cos 2(θ + α)
. (9)
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The difference between Eq. (9) and Eq. (8) is Part II:

AB − A′B′ = W[
1

cos 2θ
−

1
cos 2(θ + α)

] +
h tanα

cos 2(θ + α)
, (10)

where W = L − 1
2ch,set:

T(θ) =
1

cos 2θ
−

1
cos 2(θ + α)

. (11)

t(θ) =
1

cos 2θ
. (12)

The first derivative and second derivative of t(θ) are shown in Eq. (13) and Eq. (14) respectively:

t′(θ) =
2 sin 2θ
cos22θ

, (13)

t′′(θ) =
4(cos32θ + 2 cos 2θsin22θ)

cos4θ
. (14)

When θ ∈ (0, π/2), both t’(θ) and t’’(θ) are always greater than zero. Explain that within
this range, T(θ) is a monotonically increasing function and the growth rate is getting faster and
faster. The latter part of Eq. (10) increases with the increase of θ. Therefore, as θ increases, t(θ)
increases, T(θ) increases, and ∆OPD increases.

Part III can be expressed as:

OB′ − OB = OB( 1
cos 2α − 1)

= L( 1
arctan2α−1 ).

(15)

It can be seen that Part III is only related to L and α, and not to θ.
Through the analysis of the three parts, the variation rule of ∆OPD is as follows: when the tilt

error angle α is constant, ∆OPD increases with the increase of the incidence angle. When the
design index of the optical system is fixed, the incidence direction of the ray cannot be changed.
The reflection direction of the ray can be changed by changing the parameters of the mirror
during the design process.

2.2. Mathematical model of the two-mirror optical system

The analysis method of the single-mirror optical system is extended to the two-mirror optical
system, and the two-mirror optical system adopts Cassegrain form with conic surface type. The
calculation method of the two-mirror optical system is similar to that of single-mirror optical
system, and only the key derivation steps and main conclusions are given here.

The schematic diagram of the two-mirror optical system is shown in Fig. 4. PM and PM’ are
the original position state of the mirror and the position state after the tilt error is generated. Point
O is the intersection point between the primary mirror and the optical axis, SM represents the
secondary mirror, IMP represents the image plane, and point A, B, and C are the intersection
points of the incidence ray with the PM, SM and the IMP, respectively. Point A’, B’, and C’ are
the incidence ray and PM’, SM and the IMP after the tilt error. Make a vertical line passing
through point I which is on the optical axis to intersect the incidence ray with point H, and the
stop is set at point H. Point G and point G’ are the intersection points of the chief ray and the SM
before and after the tilt error, and the tilt error angle is α.
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Fig. 4. Mathematical model of two-mirror optical system

Before the optical system tilted, the OPD of the incidence ray is:

OPD = OPI − OPC, (16)

where the optical path of the incidence ray is OPI , the optical path of the chief ray is OPC, they
are as follow:

OPI = HA + AB + BC. (17)

OPC = IO + OG + GC. (18)

After the optical system tilted, the OPD’ of the incidence ray is:

OPD′ = OPI
′ − OPC

′, (19)

where the optical path after tilt of the incidence ray is OPI’, and the optical path after tilt of the
chief ray is OPC’, they are as follows:

OPI
′ = HA′ + A′B′ + B′C′. (20)

OPC
′ = IO + OG′ + G′C′. (21)

The variation of optical path difference ∆OPD is:

∆OPD = OPD − OPD′

= (OPI − OPC) − (OPI
′ − OPC

′)

= ∆OPI + ∆OPC

= HA − HA′⏞ˉ̄ ˉ̄ ˉ̄⏟⏟ˉ̄ ˉ̄ ˉ̄⏞
Part I

+AB + BC − A′B′ − B′C′⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏞
Part II

+OG′ + G′C − OG − GC⏞ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏟⏟ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ̄ ˉ⏞
Part III

.
(22)

The calculation method of Part I and Part III are the same as that in section 2.1, and they are
only related to the tilt error angle α, so only Part II needs to be calculated. Here we want to prove
how Part II changes when the incidence angle is increased as the tilt error angle is the same. The
variation of OPD before the increase of incidence angle is expressed as the Eq. (22). When the
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incidence angle increases, the variation of OPD is expressed as:

∆OPD(θ′) = OPD(θ′) − OPD(θ′)
′. (23)

In the Eq. (23), θ’ is the increased incidence angle, and OPD(θ′ ) is the OPD of the incidence
ray, OPD(θ′ )’ is the OPD when the optical system tilted, respectively:⎧⎪⎪⎨⎪⎪⎩

OPD(θ′) = OPI(θ′) − OPC

OPD(θ′)
′ = OPI(θ′)

′ − OPC
′

, (24)

where OPI (θ′ )’ is the optical path of the incidence ray, OPC(θ′ )’ is the optical path of the chief
ray, Before and after the incidence angle increases, the difference of the variation of OPD when
the system is tilted is as follows:

∆OPD(θ) = OPI(θ′) − OPI − (OPI(θ′)
′ − OPI

′). (25)

Next, the method of analytic geometry is used to derive the relationship of rays. Pass the point
B’ to make the AB parallel line and intersect the ray extension line at the point A’‘, and pass the
point B’ to make the BC parallel line to intersect the IMP at the point C”, as shown in Fig. 5.
Pass point A and make a perpendicular line to intersect point A’’B’ at point T. Pass point B’ to
make the AB perpendicular to point AB at point D. Pass point B’ to make the BC perpendicular to
point BC at point J. Pass point B to make A’’B’ perpendicular to intersect A’’B’ extension line at
point K. The enlarged views in the green box in Fig. 5 are shown in Fig. 6. In Fig. 6, θ1 is the
incidence angle at the intersection of the ray and the PM, and θ2 is the incidence angle at the
intersection of the ray and the SM.

Fig. 5. Auxiliary line diagram of the two-mirror system

Find the relationship between the incidence angles θ1, θ2, the tilt error angle α and BB’.
Assuming that the tilt angle α, angle θ2 are constant, and angle θ1 is a variable. The purpose is
to show that when the incidence angle θ1 increases, how BB’ and ω change. Angle ω is the angle
between BB’ and B’K. It can be seen from Fig. 6(b) that when angle θ1 increases, BB’ and ω
must increase.

The following equation can be obtained from the trigonometric relationship:⎧⎪⎪⎨⎪⎪⎩
BD = BB′ cosω

BJ = BB′ cos(ω − 2θ2)
. (26)

AT = BK = BB′ sinω. (27)
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Fig. 6. Auxiliary line detail drawing (Enlarged view of the green box in Fig. 5). (a)Detail
of the intersection of the ray and PM, (b) Detail of the intersection of the ray and SM

A′′T =
AT

tan 2θ1
=

BK
tan 2θ1

=
BB′ sinω
tan 2θ1

. (28)

A′B′ − B′T = AT(
1

sin 2α
−

1
tan 2α

).

= AT tanα
(29)

We want to explain the change trend of ∆OPD(θ) when BB’ and ω increase. Here we calculate
the absolute value of ∆OPD(θ), avoiding the sign problem.

|∆OPD(θ)| = |(A′B′ + B′C′) − (AB + BC)|

=

|︁|︁|︁|︁|︁|︁ (A′B′ + B′T ′ + A′′T − A′′B′ + B′C′′ + B′C′ − B′C′′)−

(AD + BD + BJ + JC)

|︁|︁|︁|︁|︁|︁
= |(A′B′ − B′T) − (BD + BJ)|
= |AT tanα − (BD + BJ)|.

(30)

Since the tilt error angle α is very small, tanα ≈ 0, so Eq. (30) can be simplified as:

|∆OPD(θ)| = |AT tanα − (BD + BJ)|

≈ |BD + BJ |.
(31)

As shown in Fig. 7, points D(θ), B(θ), J(θ) are the points on the ray when the system is tilted,
and angle ω(θ) is the angle between BB’ and B’K before the incidence angle increased. Points
D(θ’), B(θ’), J(θ’) are the points on the ray, and angle ω(θ’) is the angle between BB’ and B’K
when the system is tilted after the incidence angle increased. We have obtained in the previous
derivation that the Part II of the ∆OPD is a monotonically increasing function and the growth
rate is getting faster and faster [as given by Eqs. (13,14)], so we can know that after the incidence
angle increases, with the same tilt error, the value of BD+BJ is greater, and |∆OPD(θ)| is greater.

The analysis in sections 2.1 and 2.2 shows that the angle of incidence ray is the key factor
affecting the error sensitivity of the mirror. The mathematical analysis methods applied in the
single-mirror and the two-mirror mathematical model and the conclusions obtained are also
applicable to the three-mirror and even multi-mirror reflective optical systems. Therefore, the
mathematical derivation of the multi-mirror optical system will not be done here.
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Fig. 7. Ray trace diagram before and after the angle θ1 increases

3. Evaluation function and desensitization design method

Based on the analysis in Section 2, it is known that the system with large incidence angle has a
larger variation of OPD and higher error sensitivity when interrupted by tilt error. Accordingly,
we propose an optical system tilt error sensitivity evaluation function S, and establish an optical
system desensitization design method.

3.1. Establishing the sensitivity evaluation function

According to the previous theoretical analysis, it is known that the tilt error sensitivity can be
reduced by controlling the slope K of the mirror at the intersection of the ray and the mirror.
According to the conclusion of the analysis, the greater the K is, the lower the tilt error sensitivity
of the system is. However, it is difficult to set the upper threshold of K. We prefer to compare the
error sensitivity by comparing the degree of the evaluation function close to zero. Therefore,
we choose the absolute value τ of the slope of the normal at the intersection of the ray and the
mirror as the evaluation function. The relationship between them is shown in Fig. 8. The blue
dashed line and the black dashed line are the tangent and normal slope at the intersection of the
ray and the mirror respectively, and the purple dashed line and the brown dashed line are the
tangent and normal slope at the intersection of the ray and the mirror after generating the tilt
error, which can be obtained from the trigonometric relationship as follows:

K = tan θ. (32)

Fig. 8. Relation diagram of incidence angle and K
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Define the tilt sensitivity evaluation function as S:

S =

M∑︁
m=1

√︄
N∑︁

n=1
τ2

n,m

n

m
, (33)

where τ = |1/k|, n is the serial number of the mirror, m is the serial number of the FOV point, M
is the quantity of the FOV point, and N is the quantity of the mirror.

Basis on these, considering the system as a whole, it is necessary to avoid the situation that the
tilt error sensitivity of one mirror in the system is too high and the tilt error sensitivity of another
mirror is too low, that is, the error sensitivity of the system cannot be uniformly distributed to
each mirror. Therefore, the standard deviation is introduced to ensure a better uniformity of the
error sensitivity of each mirror of the system.

The standard deviation of S is:

σ =

⌜⃓⎷
1
N

N∑︂
n=1

(Sn − Sn)
2. (34)

The comprehensive evaluation function Sen of tilt error sensitivity is defined as:

Sen = S ±σ, (35)

where the± sign represents the fluctuation range of the error sensitivity of the optical system, and
σ is the standard deviation of S. The smaller the range of the (S-σ, S+σ) interval is, the more
uniformly the tilt error sensitivity of the optical system is considered to be distributed.

3.2. Establishing the desensitization design method

Based on the analysis in Section 2.1 and Section 2.2, a design method of reflective optical system
with low tilt error sensitivity is proposed. The design process is shown in Fig. 9, which is mainly
divided into four steps:

(1) Construct the initial system according to the requirements of the optical system index.

(2) Imaging performance optimization. In the optimization process, parameters such as thickness,
radius, and conic are set as variables for optimization, while the structural sizes of the
optical system are controlled. If the designed system is an off-axis system, ray obscuration
is also avoided. After optimization, the image performance is judged, and the system that
meets the image performance requirements enters the desensitization design step.

(3) Error sensitivity optimization. The error sensitivity of the optical system is evaluated, and
the system that does not meet the judgment threshold of S is designed for desensitization,
and the method for determining the judgment threshold is described in section 4.1. The
core of the desensitization design process is to control the sensitivity evaluation function S
to continuously reduce the error sensitivity of the optical system. Until the optical system
meets the image performance requirements and sensitivity requirements at the same time,
then the system is output.

(4) Error sensitivity uniformity optimization. If you want to avoid the situation where the
sensitivity of some mirrors is too high and the sensitivity of some mirrors is very low in
the optical system, a comprehensive optimization of the uniformity of error sensitivity can
be carried out. The purpose is to make the optical system more evenly distribute the error
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sensitivity of each mirror. The core of this method is to constrain the standard deviation
of the S on the basis of controlling the error sensitivity. The image performance of the
system that has completed the optimization of error sensitivity uniformity is evaluated. If
the image performance is satisfied, the design can be output as the final result. If the image
performance is unsatisfied, the comprehensive optimization of error sensitivity needs to be
carried out again.

Fig. 9. Flow diagram of reflective optical system with low tilt error sensitivity

4. Desensitization design example and sensitivity analysis

In this section, an off-axis three-mirror optical system with a focal length of 100 mm, an F-number
of 5, an FOV of 1°×1°, and an image performance evaluation wavelength of 550 nm is used as
an example for desensitization design to verify the effectiveness of the desensitization design
method.

4.1. Judgement threshold setting

S is the concept of tilt error sensitivity evaluation function that was proposed for the first time.
The tilt error sensitivity judgement threshold is a S-centered threshold for judging whether an
optical system satisfies low tilt error sensitivity. If the S of the optical system is less than the
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threshold, the system is considered to meet the low error sensitivity requirement. However, for
different types of optical systems, the error sensitivity judgment thresholds are different. For the
optical system designed in this paper, since the optimal judgment threshold of S cannot be given
directly yet, the initial judgment threshold is prepared to be determined by statistical analysis,
and the initial judgment threshold is discussed and optimized after the design is completed.

In the validation design, to initially determine the threshold of S, 3000 groups of off-axis
three-mirror optical system with the same index parameters were randomly generated within
a certain range of structural parameters (SM to PM obscuration ratio (0.3, 0.5), TM to SM
obscuration ratio (1.5, 1.8), and SM magnification (1.5, 1.8)). The distribution of their S is shown
in Fig. 10. The statistics shows that the S of all 3000 groups of optical systems is greater than
0.085, and the S threshold is set to 0.085 in the desensitization design process.

Fig. 10. S distribution diagram of 3000 groups of optical systems

The image performance threshold is set to a root-mean-square (RMS) WFE of 0.030λ±10%,
that is, 0.0270λ∼0.0330λ.

4.2. Design process

Applying the method of solving the third-order aberration, the initial structure of the coaxial
three-mirror optical system (SM to PM obscuration ratio of 0.5, TM to SM obscuration ratio
of 1.5, SM magnification of 1.5) is established, and the off-axis system is obtained through the
FOV offset. The FOV of the off-axis optical system is -10°∼-11° in the sagittal direction and
-0.5°∼0.5° in the tangential direction, and the secondary mirror is set as the aperture stop to form
a Cook three-mirror optical system without relay image plane, named “system 0” as shown in
Fig. 12(a).

The system after image performance optimization named “System 1” is shown in Fig. 12(b),
and the RMS WFE of “System 1” is 0.0297λ. Through the analysis, the S of “System 1” is 0.197,
but the tilt error sensitivity is high, so the desensitization design needs to be carried out. The S of
the system was set as the optimization variable, and the S was continuously reduced through
multiple optimizations to obtain “System 2”, “System 3”. . . "System 7” six systems in total. The
layout of “System 7” is shown in Fig. 12(c). The RMS WFE of “System 7” is 0.0299λ and the S
is 0.078. The imaging performance and error sensitivity both meet the requirements and can be
output as the design result. Desensitization optimization process diagram is shown in Fig. 11.

Six systems, “System 8”, “System 9”. . . "System 13”, were obtained for this optimization. The
layouts of “System 10”, “System 11” and “System 13” are shown in Fig. 12(d), Fig. 12(e) and
Fig. 12(f). In the second stage of optimization, the image performance, the tilt error sensitivity
evaluation function S and the standard deviation of the system are taken into consideration, and
the image performance of “system 11” is good; the error sensitivity is low, and the standard
deviation of the error sensitivity is minimal, which is the optimal system. The RMS WFE of
“System 11” is shown in Fig. 12(g).
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Fig. 11. Desensitization optimization process diagram

Fig. 12. Layout and RMS WFE. (a)System 0; (b)System 1; (c) System 7; (d) System 10; (e)
System 11; (f) System 13; (g) “System 11” field map of the RMS WFE

4.3. Sensitivity analysis

We first analyze the S and the ∆RMS WFE when the system generates tilt errors (tilt error angle
is 0.01°sagittal, 0.01° tangential) of “System 1”, as shown in Fig. 13.

Fig. 13. The S of “System 1” and ∆RMSWFE diagram. (a)S, (b) ∆RMS WFE
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Next, the S of each mirror in “System 1” and “System 11” and the ∆RMS WFE when the
system generates tilt errors are analyzed in detail. The S of the PM and the ∆RMS WFE when
generating the tilt are shown in Fig. 14(a), Fig. 14(b), while the S of the SM and the ∆RMS WFE
when generating the tilt are shown in Fig. 14(c), Fig. 14(d), and the S of the TM and the ∆RMS
WFE when generating the tilt are shown in Fig. 14(e), Fig. 14(f).

Fig. 14. S and ∆RMS WFE diagram. (a) PM-S comparison, (b) PM-∆RMS WFE
comparison, (c) SM-S comparison, (d) SM-∆RMS WFE comparison, (e) TM-S comparison,
(f) TM-∆RMS WFE comparison; (g) S of system comparison (h) ∆RMS WFE of system
comparison

The S comparison plots and ∆RMS WFE comparison plots for “System 1” (without using the
proposed method) and “System 11” (using the proposed method) are shown in Fig. 14(g) and
Fig. 14(h). After the analysis, the RMS WFE of “System 1” is 0.0297λ, and Sen=0.197± 0.1021,
and the average ∆RMS WFE=0.0052λ when the tilt error is applied. The RMS WFE of “System
11” is 0.0314λ, and Sen=0.074± 0.0105, and the average ∆RMS WFE=0.0028λ when the tilt
error is applied. With the same tilt error interruption, the ∆RMS WFE of the system that used
the proposed method is 53.8% of that of the system without using the proposed method, which
proves that the desensitization design method is correct and effective.
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4.4. Large sample optimization and optimal threshold analysis

The judgement threshold of S is determined initially in Section 4.1. However, during the
optimization process, we found that the S of “System 11” is 0.074 which is much smaller than
0.085, indicating that there is still a great potential for desensitization design for the 3000 systems.
In order to determine the optimal threshold of S, we improved the evaluation standard of tilt
error sensitivity and raised the threshold to 0.080. The proposed method was used to optimize
the design of all 3000 systems. The distribution of their S is shown in Fig. 15, in which the
blue points are the initial S and the red points are the S of the systems after desensitization.
The comparison of the results shows that the S of the tilt error sensitivity of the system before
optimization is distributed in the interval of (0.085, 0.120) with a mean value of 0.100, after
desensitization optimization, and the S is distributed in the interval of (0.070, 0.083) with a mean
value of 0.075, among which 2866 (95.53% of the overall) systems have the S less than 0.080.
The error sensitivity performance of the 3000 optical systems has been improved overall.

Fig. 15. S distribution of 3000 groups system

5. Conclusion

In order to obtain a reflective optical system with low tilt error sensitivity, this paper theoretically
research the optical parameters which are relevant with the tilt error sensitivity. Based on
geometric ray tracing method, derive the variation of OPD caused by the mirror tilt error, and the
relationship between the slope of the tangent line at the intersection of the ray and the mirror
and the error sensitivity is determined. A tilt error sensitivity evaluation function S is proposed,
together with the evaluation function Sen that can comprehensively evaluate the uniformity of
the error sensitivity distribution of each mirror in the optical system. Furthermore, a reflective
optical system desensitization design method is established. To verify the theoretically research
correctness and the desensitization design method effectiveness, an off-axis three-mirror optical
system with a focal length of 100 mm, an F-number of 5, and an FOV of 1°×1° is designed. By
calculating and comparing the value of S and the ∆RMS WFE caused by the tilt error of each
mirror and optical system before and after desensitization design, it shows that the S and the
∆RMS WFE caused by the error have the certain consistent positive correlation, which verify
the correctness of the proposed error sensitivity evaluation function and the effectiveness of the
desensitization design method.
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