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B S T R A C T

ow polarization systems have important advantages in many applications. Thanks to be with seven free design parameters, three-mirror reflective systems have
ood potential to achieve low polarization. A general method to design low polarization on-axis three-mirror systems is proposed in this paper. Based on genetic
lgorithms, the initial configurations of on-axis three-mirror systems with both low polarization aberrations and good wave aberrations can be found. In order to
ake the design results meet different requirements, various constraints are included in the merit functions, such as diattenuation, retardance, wave aberrations,

tructure size, intermediate image plane and flat focal plane. Different merit functions generate different optimal results. The method proposed in this paper is
ersatile and can be used to design other types of optical systems that demand low polarization.
. Introduction

Due to the ability of correcting spherical aberration, coma and astig-
atism at the same time, three-mirror reflective optical systems can

chieve excellent optical performance. With the advantages of being
ree of chromatic aberrations, compact volume, loose heat tolerance
nd large field of view (FOV), three-mirror reflective optical systems
re widely used in many applications, such as astronomical observa-
ions [1–5], space investigation camera [6], remote sensing [7,8], and
o on.

On-axis three-mirror systems, whose aperture center of optical el-
ments coincides with their optical axis, are important members of
hree-mirror systems. The elements in on-axis three-mirror systems are
otationally symmetric, which is critical to many polarization-sensitive
pplications [9–13]. Polarization-sensitive systems include those re-
uiring very accurate irradiance measurements and those where po-
arization is the intended measurement. Although wavefront errors
re usually more important than polarization aberrations, polariza-
ion aberrations are inevitable for almost all optical systems [14–16].
olarization aberrations would induce several significant effects on
he performance of optical systems including retardance, diattenua-
ion, polarization crosstalk, amplitude and phase apodization [17–20].
reckinridge et al. have made important and detailed analyses on
olarization aberrations in an on-axis telescope [18]. Polarization aber-
ations of on-axis and off-axis three-mirror systems have been analyzed
nd compared systematically in our previous work [9].

In order to reduce the effects of polarization aberrations, polariza-
ion calibration is usually adopted. However, it is a really hard work to
alibrate the polarization properties of telescopes with large aperture.

∗ Corresponding author.
E-mail address: luojingopt@ciomp.ac.cn (J. Luo).

Many polarization calibrations rely on specific targets, such as water
cloud and ice cloud [21]. Unfortunately, the existence of these goals
is unstable. What is more, the polarization properties of these targets,
which are treated as calibration sources, cannot be accurately measured
in advance. Polarization compensation is another method to reduce
the effects of polarization aberrations. For systems with large FOV,
however, it is challenging to compensate polarization aberrations and
maintain wave aberrations simultaneously [22–25].

Low polarization system design is a good candidate for polarization-
sensitive applications [26,27]. High-accuracy ellipsometers, spectrom-
eters, interferometers, lithographic objective and radiometers require
low polarization system design, which is the process of minimizing
system polarization introduced by surface. Polarization aberrations of
systems mainly depend on surface geometry and coating. The former
is determined by optical design and the latter is by coating design. In
most existing reports about low polarization system design, the coating
is optimized [28,29]. Outstanding studies have been done by Chipman
and Mahler et al. [29,30]. A space-based imager with low diattenu-
ation was designed. Film thickness and material were optimized and
controlled very carefully. However, it is difficult to achieve complex
coating for optical systems with large aperture. Optical design, which
plays important roles in polarization aberrations and is the necessary
step to achieve low polarization, has not been described in detail yet. In
this paper, a method based on genetic algorithms to design the initial
configuration of low polarization on-axis three-mirror reflective optical
systems is proposed. Wave aberrations, diattenuation and retardance
would be optimized simultaneously.

The rest of this paper is arranged as follows. Basic principles of
optical design of three-mirror reflective systems are shown in Section 2.
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In Section 3, the complexity and feasibility about designing low polar-
ization three-mirror systems are analyzed. Detailed genetic algorithms
used in this paper are described in Section 4. Several typical design
results and examples are provided in Section 5. Some discussions and
conclusions are summarized in Section 6.

2. Optical design of on-axis three-mirror reflective systems

Three-mirror reflective optical systems are composed of three mir-
rors: a primary mirror (PM), a secondary mirror (SM) and a tertiary
mirror (TM) [31]. For three-mirror systems, there are seven free design
parameters, i.e., 𝐾1, 𝐾2, 𝐾3, 𝛼1, 𝛼2, 𝛽1 and 𝛽2. 𝐾1, 𝐾2 and 𝐾3 are the
onic coefficients of PM, SM and TM, respectively. 𝛼1 is the obscure
atio of SM to PM, 𝛼2 is the obscure ratio TM to SM. 𝛽1 and 𝛽2 are the
agnifications of SM and TM, respectively [32].

Assuming that the focal length of a three-mirror system is 𝑓 ′, based
n the definition of magnification and obscure ratio, the expressions for
he radii of curvature of different mirrors 𝑟𝑖 and their corresponding
eparations 𝑑𝑖 can be calculated according to the paraxial optical
heory [33]:

𝑟1 =
2𝑓 ′

𝛽1𝛽2

𝑟2 =
2𝛼1𝑓 ′

(1+𝛽1)𝛽2
𝑟3 =

2𝛼1𝛼2𝑓 ′

1+𝛽2

, (1)

nd

𝑑1 =
1−𝛼1
𝛽1𝛽2

𝑓 ′

𝑑2 =
𝛼1(1−𝛼2)𝑓 ′

𝛽2

𝑑3 = 𝛼1𝛼2𝑓 ′

. (2)

he relation between the third-order wave aberrations and the seven
esign parameters can be obtained by tracing the marginal and chief
ays [32]

𝑆I = 𝑆I
(

𝐾1, 𝐾2, 𝐾3, 𝛼1, 𝛼2, 𝛽1, 𝛽2
)

𝑆II = 𝑆II
(

𝐾2, 𝐾3, 𝛼1, 𝛼2, 𝛽1, 𝛽2
)

𝑆III = 𝑆III
(

𝐾2, 𝐾3, 𝛼1, 𝛼2, 𝛽1, 𝛽2
)

, (3)

where 𝑆I is spherical aberration, 𝑆II is astigmatism and 𝑆III indicates
coma. For the initial construction of on-axis three-mirror reflective
systems, it is necessary to make the three wave aberrations as close
to zero as possible. Hence, three equations can be built according to
Eq. (3) and corresponding constraints are generated for the seven free
design parameters, which means that the number of remaining free
parameters is four. If focal plane is required to be flat, the fourth
equation is

𝑆IV = 𝛽1𝛽2 −
𝛽2

(

1 + 𝛽1
)

𝛼1
+

1 + 𝛽2
𝛼1𝛼2

= 0, (4)

where 𝑆IV is curvature of field. Obviously, there are three design
parameters which are free if both Eqs. (3) and (4) are satisfied. It
should be noted that the above equations are built to achieve good
wave aberrations for three-mirror systems.

3. Complexity and feasibility

Genetic algorithms have been used widely to find good initial
configurations for three-mirror reflective systems [32,34,35]. However,
their optimization objectives are all good wave aberrations. In this
paper, genetic algorithms is used to design low polarization three-
mirror systems for the first time. There are big differences between
wave aberrations and polarization aberrations [14,15,18]. As a result,
different difficulties appear and different methods are adopted. In this
section, we will introduce some considerations and analyses when we

carry out this work.

2

3.1. Wave aberrations

For most imaging applications, wave aberrations are far more im-
portant than polarization aberrations. Before realizing low polarization
systems, good wavefront performance must be achieved firstly. For
three-mirror systems, there are seven free design parameters, i.e., 𝐾1,
𝐾2, 𝐾3, 𝛼1, 𝛼2, 𝛽1 and 𝛽2. If spherical aberration, astigmatism and coma
are eliminated, 𝛼1, 𝛼2, 𝛽1 and 𝛽2 are free. Fortunately, the structural
outline of three-mirror systems depends entirely on the remaining four
parameters [33], which is critical to achieve low polarization. Even
though the focal plane is required to be flat, there are still three
design parameters which are free. Hence, three-mirror reflective optical
systems have the potential to realize low polarization with good wave
aberrations.

3.2. Design parameter selection

Many global optimization algorithms including genetic algorithms
have been used to design optical systems [32,35–37]. Choosing ap-
propriate design parameters is critical to the efficiency and results of
global optimization. The constructional parameters are often used as
the design parameters [37,38]. The constructional parameters of on-
axis three-mirror systems constitute the radius of curvature of mirrors
𝑟1, 𝑟2, 𝑟3, conic coefficients 𝐾1, 𝐾2, 𝐾3, and separations between the
surfaces 𝑑1, 𝑑2, 𝑑3. The constructional parameters allow us to construct
the systems or to model them in an optical design program directly.
In addition, system parameters 𝛼1, 𝛼2, 𝛽1, 𝛽2, 𝐾1, 𝐾2 and 𝐾3 are also
sed as the design parameters in global optimization of three-mirror
ystems [32,35].

In this paper, our object is low polarization on-axis three-mirror sys-
ems with good wave aberrations. If the nine constructional parameters
re selected as design parameters, systems with good wave aberrations
hould be found firstly. However, nine free parameters constitute so
arge search space that most computing resources would be used to find
ood wave aberrations. And then limited resources are left to search
ystems with low polarization. The probability of finding systems with
oth good wave aberrations and low polarization is very low. Hence,
onstructional parameters are not used as the design parameters in this
aper.

In order to improve computing efficiency and avoid major resources
eing used to calculate systems with good wave aberrations, 𝛼1, 𝛼2, 𝛽1
nd 𝛽2 are used as the four design parameters in this paper. According
o the characteristics of three-mirror reflective optical systems, 𝐾1, 𝐾2,
3 can be calculated by solving Eq. (3), and then spherical aberration,
stigmatism and coma are eliminated directly. Hence, good wave aber-
ations can be achieved instantly. The constructional parameters can be
btained by solving Eqs. (1) and (2). It is noted that if field curvature
s required to be eliminated, i.e., focal plane needs to be flat, there
re three free design parameters 𝛼1, 𝛼2 and 𝛽1. Once the free design
arameters are determined, wave aberrations of the generated system
ould be obtained and qualified automatically, and only polarization
berrations need to be calculated and optimized.

.3. Polarization ray-tracing

Polarization aberrations of an optical system can be obtained by
olarization ray tracing [39]. However, the calculation process is rather
omplicated and much time would be spent. Avoiding polarization ray
racing was the focus of our considerations at the beginning. For reflec-
ive optical systems, smaller angle of incidence enables to realize lower
olarization. Bigger radii of curvature of mirrors often have smaller
ncident angles. Hence, enlarging the radii of curvature of all the three
irrors seems to be a feasible solution to achieve low polarization.
ore importantly, polarization ray tracing can be avoided.

After careful considerations, however, this idea is infeasible. The
act is that it is hard to know the polarization aberration performance of
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Fig. 1. Schematic diagram of two on-axis three-mirror systems (a) S1 and (b) S2.

Fig. 2. Flow chart of the genetic algorithm.

Fig. 3. Schematic diagram of a typical on-axis three-mirror reflective system.

a system only via the radii of curvature of mirrors. Let us illustrate this
with an example. There are two on-axis three-mirror reflective systems
3

Table 1
Specifications of the two on-axis three-mirror systems.

Specifications S1 S2

𝛼1 0.4195 0.2195
𝛼2 −0.4544 −0.5544
𝛽1 −2.5005 −2.5005
𝛽2 2.1479 1.6479
𝑟1 −372.3823 −485.3693
𝑟2 −260.3226 −177.5406
𝑟3 −121.1098 −91.9150
Polarization aberrations 2.67 1.72

Fig. 4. RMS wavefront error vs field angle in object space.

shown in Fig. 1(a) and (b), respectively. The design parameters and
radii of mirrors of the two systems are shown in Table 1. The absolute
value of radius of PM in S1 is smaller than that of S2. However, the
absolute values of radii of both SM and TM in S1 are bigger than the
counterparts of S2. It is difficult to judge directly which one is with
lower polarization aberrations. After polarization ray tracing, it is found
that polarization aberrations of S1 is bigger than those of S2. Evidently,
the relationship between polarization aberrations and radii of curvature
of mirrors is complicated. Of course, polarization aberrations of a sys-
tem would probably be lower if all the radii of curvature of mirrors are
bigger. Hence, radii of curvature of mirrors cannot be used directly to
design low polarization on-axis three-mirror systems. The polarization
aberrations of a system should be calculated during the design process.
In this paper, the three-dimensional polarization ray-tracing calculus is
used [39].

As mentioned before, polarization ray tracing with high sampling
density is time-consuming. Considering our design objects are on-axis
systems, whose structures are rotationally symmetric and polarization
aberrations are also rotationally symmetric [9], only quarter area of
every system is analyzed by polarization ray tracing.

4. Genetic algorithms for low polarization optical system design

Genetic algorithms, which use principles inspired by nature to
‘‘evolve’’ toward a best solution, belong to global optimization algo-
rithm that does not depend on the initial parameters. Genetic algo-
rithms are well-suited for high-dimensional and highly nonlinear op-
timization problems [40]. In fact, genetic algorithm have been widely
used to design optical systems including three-mirror systems [35,37].
Good optimization effects are obtained. Considering the effective de-

sign parameters are not continuous and the relationship between design
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Fig. 6. The distribution of 25 FOVs involved in the calculation.

parameters and constructional parameters is highly nonlinear, genetic
algorithm is chosen in this paper. Generally, a basic genetic algorithm
includes five phases: 1. initialization, 2. selection, 3. crossover, 4.
mutation, and 5. termination. The flow chart of the genetic algorithm
used in this paper is shown in Fig. 2.

4.1. Coding mode

As mentioned in Section 3.2, the design parameters are 𝛼1, 𝛼2, 𝛽1
nd 𝛽2 in this paper. The constructional parameters of three-mirror
ystems can be obtained by solving Eqs. (1) and (2). The advantage
f our design parameter selection is that all three-mirror systems de-
ermined by the solved constructional parameters are with good wave
berrations. However, it is difficult to control the range of every
onstructional parameter via the design parameters. As a result, some
ystems characterized by the solved constructional parameters do not
xist in reality, such as systems in which 𝑑2 < 0. The design parameters

that can generate effective optical systems are regarded as the effective
design parameters. Unfortunately, it is found that effective design
parameters are not always continuous. What is more, the relationship
between design parameters and constructional parameters is highly
nonlinear. Since the constructional parameters are obtained from the
design parameters by solving equations, small differences in the design
parameters sometimes lead to very different optical systems. Hence, the
solution space should be searched finely, and an appropriate coding
method is critical. After careful considerations and comparisons, deci-
mal coding is chosen in this paper. The initial population is generated
randomly in the solution space.

4.2. Merit function

Considering the goal of this paper is three-mirror optical systems
with low polarization and good wave aberrations, the initial merit
4

Fig. 7. Polarization aberrations along different aperture positions at one azimuth angle.

function is set to be

𝐹 = 𝑤1𝐷 +𝑤2𝑅 +𝑤3𝑊𝐹𝑅, (5)

where 𝐷 means diattenuation, 𝑅 is retardance, 𝑊𝐹𝑅 is the RMS of
ave aberrations. In Eq. (5), both diattenuation and retardance are

nvolved. For some applications, only diattenuation or retardance is
ignificant so that weight factor 𝑤1 and 𝑤2 can be changed to adapt
o corresponding requirements. In this paper, we aim for diattenuation
nd retardance of optical systems to be small simultaneously. Consid-
ring the diattenuation is about one tenth of retardance in rad for a ray
eflect from a plane coated aluminum [9], 𝑤1 is set to be 10 while both
2 and 𝑤3 are 1 in this paper.

Three-mirror systems are generally customized. Hence, the merit
function would be changed according to specific applications, such as
compact structure, an intermediate image plane exists, flat focal plane,
and so on. Different merit functions generate different optimal optical
systems. Detailed analyses will be introduced later.

4.3. Selection method

As shown by Eq. (5), the merit function in this paper pursues the
minimum fitness value. The fitness value is calculated for every indi-
vidual. A specific number of individuals would be picked out randomly
from current population and one individual whose fitness value is
the minimum will be selected and preserved to the next generation
of population. The operation is repeated until the next generation of
population has the same number of individuals as current population.
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Table 2
Main system parameters of on-axis three-mirror systems.

Specifications Value

Focal length/mm 1000
Entrance pupil dimeter/mm 100
FOV/◦ 1 × 1

4.4. Crossover and mutation

Due to the characteristics of optical design of three-mirror systems,
the effective design parameters in solution space are highly discontin-
uous and nonlinear. Considering integer bits and the first decimal bits
of the design parameters play more important roles than other decimal
bits in solving effective constructional parameters, different crossover
probabilities and mutation probabilities are used. Changes in the prob-
ability of the integer bit of the design parameters are lower than the
counterparts of decimal bits. What is more, change probabilities of the
first decimal bit are lower than the remaining decimal bits.

5. Examples and results

In order to show the performance of the genetic algorithms in low
polarization three-mirror system design, several optimized results are
presented in this section. Firstly, a typical on-axis three-mirror reflec-
tive optical system that has not been optimized for low polarization
will be introduced and analyzed as a reference. Then, different low
polarization systems are obtained in terms of different constraints and
requirements via genetic algorithms. For comparison, the main system
parameters of all three-mirror systems in this paper are set to be with
the same values, as shown in Table 2. What is more, all systems in this
paper are coated with barely metal aluminum, whose refraction index
is 1.45+7.54i at 632.8 nm [41].

5.1. A typical on-axis three-mirror reflective system

A typical on-axis three-mirror reflective system is shown in Fig. 3,
the focal length is 1000 mm and F number is 10. The free design
parameters of the system are

[𝛼1, 𝛼2, 𝛽1] = [0.2702,−0.6519,−4.4152]. (6)

The field curvature of the system is eliminate so that its focal plane is
flat. Hence, the magnification of TM 𝛽2 is not free and can be calculated
via Eqs. (4) and (6). The intermediate image plane exists and locates
on the right of the PM, which is critical to avoid secondary obstruction
caused by the focal plane. The wave aberrations over 1◦×1◦ field of
view (FOV) are shown in Fig. 4. The average value of RMS of wave
aberrations over all FOVs is 0.033𝜆 (632.8 nm).

The polarization aberrations of the on-axis three-mirror system
re analyzed. Cumulative diattenuation (dimensionless) and retardance
radians) maps over all the three mirrors in the system are obtained.
esults are shown in Fig. 5(a) and (b), respectively. In order to get the
olarization aberrations of the system over all FOVs, the system at 25
ifferent FOVs is analyzed by polarization ray tracing. The distribution
f these FOVs is shown in Fig. 6. It is noted that the polarization
berration at every point in Fig. 5 is the corresponding average value
ver the 25 FOVs. As shown in Fig. 5, the maximum diattenuation is
.55e−3 and the maximum retardance is 3.54e−2 rad, which appear
t the edge of the system. Both the diattenuation map and retardance
ap are rotationally symmetric [9]. Polarization aberrations along
ifferent aperture position at one azimuth angle would be picked out
nd compared, as shown in Fig. 7.
 f

5

Fig. 9. RMS wavefront error vs field angle in object space of the example 1.

5.2. Example 1

Let us start the low polarization on-axis three-mirror reflective
systems design by the genetic algorithm. The merit function is shown
as Eq. (5). Only polarization aberrations and wave aberrations are
involved without other constraints. An optimized result is shown in
Fig. 8, whose free design parameters are

[𝛼1, 𝛼2, 𝛽1, 𝛽2] = [0.2777,−2.4325,−3.0818, 0.5045]. (7)

As shown in Fig. 9, wave aberrations of the system are so good that
the average RMS of wave aberrations over all FOVs is only 0.0042 𝜆
(632.8 nm). Cumulative polarization aberrations of the system are ob-
tained. Diattenuation and retardance of the system are compared to the
counterparts of the normal system shown in Fig. 3, respectively. Results
are shown in Fig. 10(a) and (b). Obviously, polarization aberrations
of the system in Fig. 8 are drastically reduced after the low polar-
ization design. The maximum diattenuation is reduced from 6.55e−3
to 1.85e−4. The maximum retardance is reduced from 3.54e−2 to
1.16e−3, respectively. The polarization aberrations of the example 1
are only one-thirtieth of the normal system shown in Fig. 3.

The results shown in Fig. 10 show that 𝛼1, 𝛼2, 𝛽1 and 𝛽2 enable
o provide enough space to search and achieve low polarization three-
irror reflective optical systems. Hence, the idea proposed in this paper

s feasible. However, the structure size of the system shown in Fig. 8 is
ather long. The length of the system is 1889 mm, which is the distance
etween the SM and the TM. A parameter 𝜂 is defined as the ratio

between the length 𝐿 of an optical system and the diameter 𝐷 of the
clear aperture, i.e.,

𝜂 = 𝐿
𝐷
, (8)

where 𝐿 is the maximum length between 𝑑1 and 𝑑2, i.e.,

𝐿 = max
{

|

|

𝑑1|| , |

|

𝑑2||
}

, (9)

where 𝑑1 is the separation from PM to SM and 𝑑2 is the separation
rom SM to TM. For this system 𝜂 = 18.89. A compact optical system is
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Fig. 10. (a) Diattenuation and (b) retardance along different aperture positions at one azimuth angle.
desirable in many applications. Hence, structure size should be added
into the merit function.

5.3. Example 2

As shown by the example 1, if the merit function contains only
polarization aberrations and wave aberrations, systems with very low
polarization aberrations and good wave aberrations can be found by
genetic algorithms. However, these systems would probably be very
long, which makes them are not with practical significance. In this
section, the ratio 𝜂 of three-mirror systems is added into the merit func-
tion. What is more, the intermediate image plane is required to exist
and locate at the right of the PM, which is critical to avoid secondary
obstruction. Hence, the merit function in this section becomes

𝐹 = 𝑤1𝐷 +𝑤2𝑅 +𝑤3𝑊𝐹𝑅 +𝑤4𝜂 +𝑤5𝐼𝑀𝐺1, (10)

here 𝜂 characterizes the length of systems and 𝐼𝑀𝐺1 relates to the
ntermediate image plane.

In terms of the new merit function shown in Eq. (10), optical sys-
ems with low polarization aberrations are searched using the genetic
lgorithm. The merit function variation verus evolving generations is
hown in Fig. 11. An optimized system is shown in Fig. 12, whose free
esign parameters are

𝛼1, 𝛼2, 𝛽1] = [0.2333,−0.9049,−4.0782]. (11)

The RMS of wave aberrations over all FOVs is shown in Fig. 13.
bviously, the wave aberrations of the system are very good, and its

ocal plane is flat. The ratio 𝜂 of the system is 4.1, which is much
maller than that of the example 1. The polarization aberrations of the
ystem are shown in Fig. 14. The maximum diattenuation is 1.29e−3
nd the maximum retardance is 7.41e−3, which are about one fifth

of the counterparts of the normal system and larger than those of
the example 1. Different weight factors 𝑤4 in Eq. (10) give rise to
different optimized results. If the weight factor 𝑤4 is decreased, systems
with lower polarization aberrations can be found while their structure
sizes usually be longer, such as the example 1 in which 𝑤4 = 0.
Different weight factors can be set by designers according to their own
requirements.

It should be noted that the TM is obscured by the focal plane in
Fig. 12. However, the constraints about intermediate image plane have
been added into the merit function, as the 𝐼𝑀𝐺1 in Eq. (10). Hence, the
ntermediate image plane of the system in Fig. 12 exists and locates at
he right of the PM. As a result, it is easy to avoid secondary obstruction
y adding a plane mirror in the neighborhood of the intermediate
mage plane [31]. Of course, the additional plane mirror has impacts
n the polarization aberrations of the on-axis system. Two crossed fold
irrors would be better [23]. Considering the focus of the paper is the

nitial configuration of on-axis three-mirror systems, further discussions
bout additional plane mirrors to avoid secondary obstruction would

ot be carried out in this paper.
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Fig. 11. Merit function variation curve.

5.4. Example 3

The focal planes of all the aforementioned systems are flat. If this
requirement is removed, the design parameter 𝛽2 becomes free and
there are four free design parameters. The merit function is identical
to Eq. (10). Some new systems are obtained by the genetic algorithm
and an example is shown in Fig. 15, whose free design parameters are

[𝛼1, 𝛼2, 𝛽1, 𝛽2] = [0.3966,−0.5512,−1.5898, 1.3296]. (12)

The wave aberrations of the [0◦, 0◦] FOV is 0.004 𝜆. The ratio 𝜂 is
4.6, which is close to that of the example 2. The intermediate image
plane also exists and locates at the right of the PM. Hence, secondary
obstruction can be avoided, as mentioned in the last part of Section 5.3.
As shown in Fig. 16, the maximum diattenuation and retardance of the
system are 4.38e−4 and 2.45e−3, respectively, which are smaller than
the counterparts of the example 2. One more free design parameter
helps the example 3 to achieve lower polarization with similar system
length.

5.5. Example 4

If the intermediate image plane does not exist, the merit function
becomes

𝐹 = 𝑤1𝐷 +𝑤2𝑅 +𝑤3𝑊𝐹𝑅 +𝑤4𝜂. (13)

A compact system with flat focal plane is obtained by the genetic
algorithm, as shown in Fig. 17. The free design parameters are
[𝛼1, 𝛼2, 𝛽1] = [0.3799, 0.5226,−3.3890]. (14)
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Fig. 12. Schematic diagram of example 2.
Fig. 13. RMS wavefront error vs field angle in object space of example 2.

s shown in Fig. 18, the average RMS of wave aberrations over all
OVs is 0.0091 𝜆. The ratio 𝜂 of the system is only 2.9. Polarization

aberrations of the system are obtained and shown in Fig. 19. The
maximum diattenuation and retardance of the system are 4.35e−4
and 2.31e−3, respectively, which are close to the counterparts of the
example 3. Reducing constraint about the intermediate image plane is
helpful to achieve compact three-mirror systems with low polarization.

In order to show the design results more clearly, main parameters
and properties of these systems are summarized in Table 3. The sec-
ondary obstructions of original system, example 2 and example 3 can be
avoided because the intermediate image planes in all the three systems
exist and locate at the right of the PM. Detailed explanations can be

found in the last part of Section 5.3.

7

6. Discussions and conclusions

Thanks to be with seven free design parameters, three-mirror reflec-
tive systems have good potential to achieve low polarization. After good
wave aberrations are met, there are four design parameters are free. If
the focal plane is required to be flat, three parameters can be free. In
this paper, it is shown that polarization aberrations of on-axis three-
mirror systems can be optimized and reduced by genetic algorithms
based on these free parameters.

If only polarization aberrations and wave aberrations are included
in the merit function, three-mirror systems with both very low polar-
ization and good wave aberrations can be obtained via the genetic
algorithm. However, the lengths of the design results are usually so
long that they are with obvious disadvantages in some engineering
applications. After the length ratio 𝜂 is added into the merit function, a
new balance is built and systems with low polarization aberrations and
shorter structural dimensions are found.

Besides length, there are many other factors that affect on-axis
three-mirror reflective systems, such as obscure ratio, secondary ob-
struction, flat focal plane, and so on. To ensure the design results to be
with practical significance, more constraints are forced to be involved
in the merit function. However, increasing constraints would affect the
performance of low polarization optimization if the number of free
design parameters does not increase. The example 2 is a good design
result in which all the aforementioned constraints are involved. A good
balance is achieved between polarization aberrations and these con-
straints. The ratio 𝜂 of the system is 4.1. The maximum diattenuation
is 1.29e−3 and the maximum retardance is 7.41e−3. Of course, lower
polarization aberrations can be obtained if constraints are reduced,
such as example 3 and example 4.

More free design parameters are helpful. It is found that polarization
aberrations of the optimized results in which 𝛽2 is free are very close to
those in which intermediate image plane are not required. Increasing
the number of mirrors, free-form surface, tilt angles of mirrors are good
choices to design better low polarization optical systems.

The method proposed in this paper can be used widely to design
other types of optical systems that demand low polarization. The
polarization aberrations of off-axis systems are usually larger than on-

axis ones. Hence, it is more necessary for off-axis systems to perform
Fig. 14. (a) Diattenuation and (b) retardance along different aperture positions at one azimuth angle.
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Fig. 15. Schematic diagram of example 3.
Fig. 16. (a) Diattenuation and (b) retardance along different aperture positions at one azimuth angle.
Table 3
Main parameters of the designed examples.

Case Free parameters 𝜂 WFR@FOV D R Secondary obstruction

Original
[

𝛼1 , 𝛼2 , 𝛽1
]

2 0.033𝜆@1◦×1◦ 6.55e−3 3.54e−2 Can be avoided
Example 1

[

𝛼1 , 𝛼2 , 𝛽1 , 𝛽2
]

18.8 0.0042𝜆@1◦×1◦ 1.85e−4 1.16e−3 Can be avoided
Example 2

[

𝛼1 , 𝛼2 , 𝛽1
]

4.1 0.0057𝜆@1◦×1◦ 1.29e−3 7.41e−3 Can be avoided
Example 3

[

𝛼1 , 𝛼2 , 𝛽1 , 𝛽2
]

4.6 0.004𝜆@0◦×0◦ 4.38e−3 2.45e−3 Can be avoided
Example 4

[

𝛼1 , 𝛼2 , 𝛽1
]

2.9 0.0091𝜆@1◦×1◦ 4.35e−4 2.31e−3 Has been avoided
Fig. 17. Schematic diagram of example 4.

low polarization design. What is more, the decenter and tilt of mirrors
in off-axis systems would provide more free design parameters to low
polarization optimization. This would be one of the focuses of our
future work.
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Fig. 18. RMS wavefront error vs field angle in object space of the example 4.
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Fig. 19. (a) Diattenuation and (b) retardance along different aperture positions at one azimuth angle.
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