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Due to the ability to achieve a wide-diffraction-limited field of view, three-mirror anastigmat (TMA) telescopes are
widely used in many applications that demand high imaging quality and detection accuracy, in which polarization
aberrations play increasingly important roles. In this paper, polarization properties of on-axis elements and those
of off-axis elements are analyzed and compared via polarization aberration theory. Then, an on-axis TMA (OTMA)
telescope and an off-axis TMA (FTMA) telescope are designed and optimized to be diffraction-limited systems in
parallel. Their constructional parameters and first-order parameters are set to be identical. Via polarization ray
tracing, polarization aberrations of the 2 telescopes are obtained and compared in terms of diattenuation map,
retardance map, Jones pupil, Pauli pupil, and amplitude response matrix. Results demonstrate that polarization
aberrations are closely related to the structural features of mirrors and telescopes. The diattenuation and retardance
maps of power mirrors in the OTMA telescope are rotationally symmetric, while those in the FTMA telescope are
not. A Maltese cross appears in off-diagonal elements of the Jones pupil of the OTMA telescope and disappears in
the FTMA telescope. Amplitude response matrices of polarization crosstalk components in the OTMA telescope
are with a four-peak structure, while those in the FTMA telescope are with a two-peak structure. After quantitative
comparisons, it is found that diattenuation in the OTMA telescope is smaller than that in the FTMA telescope as
well as in the cases of retardance and polarization crosstalk. There are also similarities between the 2 TMA tele-
scopes. Polarization aberrations of secondary mirrors (SM) are greater than those of both primary mirrors (PM)
and tertiary mirrors (TM). What is more, polarization aberrations of TM are so small that they can be ignored
safely. The numerical sum of Pauli coefficients of PM, SM, and TM is nearly identical to the camulative Pauli coef-
ficients. Hence, the TMA telescopes can be treated as weak polarization elements. This work compares polarization
aberration performance of on- and off-axis TMA telescopes and can provide important references for designing and

optimizing telescopes in which polarization aberrations matter. ©2021 Optical Society of America

https://doi.org/10.1364/A0.432016

1. INTRODUCTION

With several critical advantages such as wide-diffraction-limited
field of view (FOV), good ability to control stray light and stray
heat, real exit pupil, and compact structure design, three-mirror
anastigmat (TMA) telescopes [1,2] become competent candi-
dates in astronomical observations [3—6], space investigation
cameras [7], remote sensing [8], and so on. TMA telescopes
include on-axis TMA (OTMA) telescopes, whose primary
mirror (PM) is partially obstructed by a secondary mirror (SM),
and off-axis TMA (FTMA) telescopes in which SMs are off-
set from the path of incoming light so that no obstruction is
present. Both types of TMA telescopes are widely used. JWST
[4], Euclid space telescopes [3], and SNAP [9] are OTMA
telescopes; the HabEx space telescope [10], SPICES [11],
WFIRST-A [12], and CSST [5] belong to FTMA telescopes.
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Several superiorities and shortcomings of OTMA telescopes
relative to FTMA telescopes have been well characterized and
compared carefully in terms of wavefront errors, point spread
function (PSF) [13,14], stray light control [15], and scattered
light characteristics [16]. However, to the best of our knowledge,
differences between their polarization aberrations have not been
studied.

Polarization aberrations indicate the variations of amplitude,
phase, and polarization associated with ray paths through opti-
cal systems [17]. Polarization aberrations occur at each reflecting
and refracting surface due to the differences between reflectance
and transmission coefficients of different polarization compo-
nents. Compared with wavefront aberrations, the impacts of
polarization aberrations on imaging quality are so small that
they can be ignored safely in many optical systems. However,
for applications that demand ultrahigh imaging quality or
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detection accuracy such as photolithographic imaging [18],
polarimeter measurements [19], astronomical remote sensing
[20], and coronagraphs [21], polarization aberrations become
important error sources. Effects of polarization aberrations
on the PSF of astronomical telescopes have been analyzed in
detail by Breckinridge ez 4/. [22]. Chipman [23] and Davis [24]
studied polarization aberrations in coronagraphs. Reference
[25] pointed out that polarization aberrations of telescopes
have nonignorable impacts on PSF ellipticity, which is a critical
parameter for detecting weak gravitational lensing. In addi-
tion, polarization issues have attracted attention in several large
aperture telescopes, such as the Thirty Meter Telescope [26],
European Extremely Large Telescope [27], and WFIRST [28].

Polarization between on- and off-axis telescopes has been
compared by Tran [29]. However, Ritchey—Cretian telescopes
instead of TMA telescopes are analyzed, and only cross-polar
performance is involved. On the one hand, polarization prop-
erties include diattenuation, retardance, Jones pupil, and
amplitude response matrix besides polarization crosstalk. On
the other hand, the effects caused by polarization aberrations
vary by orders of magnitude between different types of tele-
scopes [30]. In fact, polarization aberrations have become
important considerations in choosing preferable structure types
of telescopes. LUVOIR is a next-generation space telescope
proposed by NASA with the primary mission of detecting and
characterizing planetary systems around nearby stars [31]. To
achieve better high-contrast imaging performance, research has
been done to choose an optimal telescope scheme for LUVOIR
[32]. OTMA and FTMA telescopes are 2 strong candidates.
Their own advantages and disadvantages in many ways are
compared carefully. Polarization has important impacts on
coronagraph contrast so that it becomes one of the critical
design considerations to LUVOIR priorities [32]. Hence, it is
necessary to systematically compare OTMA telescopes with
FTMA telescopes in terms of polarization aberrations.

In this paper, we focus on polarization aberrations in TMA
telescopes. First, on- and off-axis optical elements are analyzed
and compared via polarization aberration theory in Section 2. In
Section 3, OTMA and FTMA telescopes are designed and opti-
mized in parallel so that the main parameters of the 2telescopes
are set to be identical. Subsequently, diattenuation maps of
mirrors in the 2 telescopes are obtained and compared, together
with the retardance map, Jones pupil, Pauli pupil, and ampli-
tude response matrix in Section 4. Finally, important discussions
are analyzed and conclusions are summarized in Section 5.

2. POLARIZATION ABERRATIONS OF ON- AND
OFF-AXIS OPTICAL ELEMENTS

The differences between on- and off-axis telescopes are partly
embodied by on- and off-axis optical elements. Hence, we first
analyze and compare polarization aberrations of on- and off-axis
optical elements in this section.

Polarization aberrations in mirrors coated with homogeneous
and isotropic material are characterized by the Fresnel formulae.
The parallel (P-polarized light) and vertical polarization com-
ponents (S-polarized light) of a light ray obliquely incident onto
a mirror are characterized by
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Fig. 1.  Reflection coefficients for (a) amplitude and (b) phase of 7,

and 7, atdifferent angles of incidence.

Table 1.  Fitting Results of Reflection Coefficients
Reflection Constant Quadratic
Coefficients Parameter Parameter
7,1 0.953 -0.0256
|71 0.953 0.0229
[P, | 2.887 -0.142
[P, | 2.887 0.125

_ n cos §—A/ n2—sin6

p 7, exp(i®,)
n? cos(9+/\/ —sin? | ‘Di b ? , (1)
cos ) —4/ n—sin“6 n2—sin20
J— . @
cos B+4/ n? —sin? |7 | CXp(l )

where 7, is the reflective coefficient of P-polarized light and
7, is reflective coefficient of S-polarized light, # is the refractive
index, 0 indicates angle of incidence, and ®, and @, are the
phase variances of - and S-polarized light, respectively.

If refractive index 7 of mirrors is chosen, as shown in Eq. (1),
both 7, and 7, are only dependent on the angle of incidence 6.
In this paper, all mirrors are coated with bare metal aluminum,
whose refraction index is 1.45 + 7.547 at 632.8 nm [33]. The
amplitude and phase of 7, and 7, at different incident angles
are shown as solid lines in Figs. 1(a) and (b), respectively. In
addition, the four curves are, respectively, fitted by quadratic
functions when incident angles are smaller than 30 deg. Results
are shown as dotted lines. The fitting coefficients are listed in
Table 1. It can be found that both the amplitude and phase of
7, and 7, are fitted accurately. The maximal fitting errors of the
amplitude and phase of 7, are 1.7e-4 and 1.0e-3, respectively,
and the counterparts of 7, are 1.8e-4 and 3.1e-5.

Diattenuation and retardance are the 2 basic polarization
properties of optical elements. Diattenuation D characterizes
polarization-dependent reflectance

r2—p,2
— | - P2| ) (2)
|72 47,2
The phase shift between the S- and P-polarized light is

retardance

s=|d, —,|. (3)

Using Egs. (1-3), the diattenuation and retardance of mir-
rors at different angles of incidence are shown as solid lines in
Figs. 2(a) and 2(b), respectively. The maximum diattenuation
is 0.007; the maximum retardance is 0.074. Evidently, they are
so small that the mirror belongs to weak polarization elements
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when angles of incidence are smaller than 30 deg (this would be
proved strictly later) [30].

Similarly, the 2 solid curves in Fig. 2 are fitted with quadratic
functions and shown as the dotted lines in Fig. 2. It can be seen
that second-order fits are enough accurate. The maximal fitting
errors of diattenuation and retardance are 9.2e-5 and 1.1e-3,
respectively. Hence, polarization of the mirror can be analyzed
by paraxial polarization aberrations [30].

According to the results shown in Figs. 1 and 2, we can see
that, if angles of incidence are smaller than 30 deg, the mir-
rors coated with bare metal aluminum can be safely treated as
weak polarization elements and analyzed by paraxial polariza-
tion aberrations. The fact is that angles of incidence in most
TMA telescopes are smaller than 30 deg. Hence, polarization
aberrations of TMA telescopes can be obtained by a greatly sim-
plified method, i.e., Pauli representation. For weak polarization
elements, its Jones matrix is characterized by [30]

T~ poe (Go—l- Dy ZSHGI n Dys — 145 S Dy —id; a3>,

2 2 2

(4)
where 0y is the identity matrix, o; ( =1, 2, 3) are Pauli spin
matrices, and Dy and Djys indicate horizontal and 45 deg
components of linear diattenuation, respectively. D; is the
circular diattenuation; 87, 845, and §; are mean correspond-
ing retardance components. The Jones matrix of a mirror in
its local coordinate system is predominantly related to linear
diattenuation and retardance:

. Dy —i6
Jox poe " ®0 <00 + %m) . (5)

As noted, mirrors in TMA telescopes can be analyzed by
paraxial polarization aberrations. Hence, the diattenuation
and retardance are well approximated by quadratic functions.
Equation (5) becomes

(6)

D,6?% — i8,6* )
A

Jo & poe ™ <00 +

where D, and 8, are the quadratic coefficients of diattenuation
and retardance, respectively. In the global coordinate system, the
Jones matrix becomes
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Fig.2. (a) Diattenuation and (b) retardance of mirrors coated with

bare metal aluminum at different angles of incidence.
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Fig.3. (a) Parallel light rays are incident onto a paraboloid. (b) Map

of angles of incidence and orientation of incident plane.

where ¢ is the angle between the local coordinate system and
global coordinate system and is related to orientation of the
incident plane. Horizontal (vertical) and 45 deg (135 deg)

polarization aberration components are

Dy = D,6? - cos (2¢)

81 = 8,07 - cos (2¢) )
Dys = D,6% - sin 2¢)

845 = 8,67 - sin (2¢)

According to Eq. (8), the polarization aberrations of mirrors
depend on angles of incidence 6 and orientation of incident
plane @ across the beam. As shown in Fig. 3(a), parallel light
rays are incident onto a paraboloid whose curvature radius of
vertex is 10,000 mm and clear aperture is 5360 mm. Angles of
incidence and orientation of the incident plane are mapped and
shown in Fig. 3(b). The angle of incidence is O for the ray in the
center of the pupil and increases linearly to marginal locations.
The maximum angle of incidence is 15 deg. The incident plane
is radially oriented.

Combining the results shown in Fig. 2 and Eq. (8), we can
obtain the map of Dy and Djys of the paraboloid. Results are
shown in Fig. 4. The map of § ;y and 845 is similar to thatin Fig. 4
but with different values. The global coordinate systemis X OY,
as shown in Fig. 4(a). An off-axis optical element is a part of
the on-axis one. The offset of the geometric center of on-axis
elements makes off-axis elements be nonrotationally symmetric.
It is easy to find that the polarization aberrations of an on-axis
optics element, as the circular A shown in Fig. 4(a), must be
smaller than those of any off-axis one with the same clear aper-
ture, marked as the circular B or C. The main reason is that Dy,
Dys, 81, and 845 are quadratic relation to angles of incidence 6,
as shown by Eq. (8), and 0 increases linearly along with the dis-
tance between the cross point and the central point O. Although
polarization aberrations are also modulated by orientation of
incident plane ¢, the minimum value still locates at the on-axis
position. Of course, synthetic diattenuation and retardance are
independent of orientation of plane of incidence ¢. Figure 4(b)
shows the map of Dys, which is identical to Fig. 4(a) but rotates
45 deg.

Polarization crosstalk is a critical parameter, although it does
not belong to basic polarization properties. Assuming that
a horizontal linear polarization light ray is incident onto the
paraboloid, the intensity of polarization crosstalk is

D, + 68,7
gozzﬁ_f_it;il.94.gn%2¢) (9)



Research Article

3000 s L 1g3 3000

(b)
2000 .5
1000
1
0
-1000 05
-2000

-3000

2000 ¢

1000

0

-1000

-2000

-3000

-2000 0 2000 -2000 0 2000

Fig.4. Mapsof (a) Dy and (b) Dys of the paraboloid.

%1078
3000 N
2000 7
6

1000 -

B
0 4
-1000 3
2

-2000

-3000 ' '
-3000 -2000 -1000 O 1000 2000 3000
Fig.5. Map of polarization crosstalk of the paraboloid.

The map of polarization crosstalk of the paraboloid is
obtained. Results are shown in Fig. 5. Similarly, the polari-
zation crosstalk of the on-axis optics element A is smaller than
any off-axis one. For the horizontal linear polarization incident
light ray, the maximum value of polarization crosstalk locates at
45 deg orientation. Both angles of incidence 6 and orientation
of plane of incidence ¢ have big influences on polarization
crosstalk.

3. OTMA AND FTMA TELESCOPES

To compare the polarization aberrations of the 2 types of TMA
telescopes, we modeled and optimized OTMA and FTMA
telescopes in parallel, both having the same PM, effective focal
length, and FOV, as shown in Fig. 6 and Table 2. In order to
make the 2 telescopes be as similar and comparable as possible,
the FTMA telescope is obtained from an unobstructed subaper-
ture of the OTMA telescope. The OTMA telescope s scaled to
produce the FTMA telescope with the desired aperture. The

(a)

SM PM  IMG EP ™
= / —
_— v
(b)
PM 7
1)
| P ™
SM
IMG
Fig. 6. (a) OTMA telescope. (b) FTMA telescope. PM, primary

mirror; SM, secondary mirror; TM, tertiary mirror; EB exit pupil
plane; IMG, image plane.
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Table 2. Primary Parameters of the OTMA and FTMA
Telescopes
Specification Value
Entrance pupil PM
Entrance pupil diameter 1200 mm
Effective focal length 24543 mm
FOV 0.787° x 0.709°
Coating Aluminum
Table 3. Constructional Parameters of the OTMA
Telescope
Radius (mm)  Thickness (mm) Decenter  Conic
STOP 5000 0
PM -10,800 —4140 0 -0.929
SM -3339 9722 0 -2.108
™ —4834 -3104.71 0 —0.425
EP -2006.70 0
IMG 0
Table 4. Constructional Parameters of the FTMA
Telescope
Y-
Radius Thickness Decenter Decenter
(mm) (mm) (mm) Conic (mm)

STOP 5000 -1050
PM -10,800 —4140 0 -0.929 1050
SM -3339 9722 0 -2.108 267
™ —4834 -3104.71 0 —0.425 -218
EP —-2006.20 0
IMG 0

scale factor is chosen carefully to ensure that no ray incident
onto the PM is obstructed by the SM and the tertiary mirror
(TM). Detailed design and optimization process can be found
in [14]. Constructional parameters of the 2 telescopes are listed
in the Tables 3 and 4, respectively. The 2 telescopes are almost
identical, except that Y-decenters of the apertures are different.
Both of them are carefully designed to be diffraction-limited
systems and achieve competent imaging performance in full

FOVs.

4. POLARIZATION ABERRATIONS

In order to compare polarization aberrations of the 2 telescopes,
we assume that they are all coated with metal aluminum whose
complex index refraction is 7 = 1.4482 + 7.53677 at 632.8 nm
[33]. The polarization aberration theory used here is developed
by Chipman and Breckinridge [22,30]. To comprehensively
show and compare polarization aberrations of the 2 telescopes,
the diattenuation map, retardance map, Jones pupil, Pauli pupil,
and amplitude response matrix will be obtained successively.

A. Diattenuation Map

Diattenuation indicates that intensity transmittance of an ele-
ment is a function of incident light polarization state. Hence, if
unpolarized light, which is common for astronomical telescopes
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Fig. 7.  Diattenuation maps of the (a) PM, (b) SM, (c) TM, and

(d) the cumulative diattenuation for the whole OTMA telescope.

and can always be divided into 2 orthogonal polarization com-
ponents, is received by telescopes with polarization aberrations,
the intensities of 2 orthogonal polarization components in
outgoing light will be different. As a result, unpolarized light
becomes partially polarized.

Via polarization ray tracing [34,35], diattenuation map of
each mirror in the OTMA telescope at the FOV of [0°, 0°] is
obtained and shown in Fig. 7. The length of each line is pro-
portional to the diattenuation magnitude, and its orientation
shows the axis of maximum transmission for a point in mirrors.
Evidently, the diattenuation maps of all power mirrors PM, SM,
and TM are rotationally symmetric. The maximum and mini-
mum values of each diattenuation map are also shown in Fig. 7.
The maximum diattenuation in the PM is slightly smaller than
that in the SM, and both are far greater than that in the TM.
The cumulative diattenuation in the EP for the whole OTMA
telescope, which is also rotationally symmetric, is obtained and
shown in Fig. 7(d).

Diattenuation maps of mirrors in the FTMA telescope at
the FOV of [0°, 0°] are obtained and shown in Fig. 8, which are
very different from those shown in Fig. 7. The diattenuation
maps of the three power mirrors in the FTMA telescope are no
longer rotationally symmetric. This is easy to be understood
because the PM, SM, and TM in the FTMA telescope are non-
rotationally symmetric. The maximum diattenuation of the
SM is greater than the counterparts of the other 2 mirrors. The
cumulative diattenuation for the whole FTMA telescope is
shown in Fig. 8(d); it is also nonrotationally symmetric.

To quantitatively compare diattenuation between the
OTMA telescope and the FTMA telescope, we calculate the
mean value of the diattenuation map of every mirror and cumu-
lative diattenuation in the EP at different FOVs. Results are
shown in Fig. 9, in which PST means the cumulative diatten-
uation of rays going through PM, SM, and TM [34,35], while
Sum indicates the numerical sum of diattenuation of PM, SM,
and TM. At each FOV, a diattenuation map that is similar to the
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and (b) Y-FOVs in the OTMA telescope and the FTMA telescope.

results shown in Figs. 7 and 8 is obtained. For each diattenuation
map, the mean value is calculated and picked out to represent
its diattenuation performance. Twenty-one different FOVs
are sampled over [—0.4°, 0.4°] along X-FOVs and Y-FOV,
respectively.

Obviously, diattenuations of the three mirrors in the FTMA
telescope are greater than the counterparts in the OTMA
telescope over both X-FOVs and Y-FOVs. The relationship
between diattenuations of the PMs in the 2 telescopes is readily
comprehensible and is provided in Section 2. However, polari-
zation aberrations of the SMs and TMs are not apparent because
light rays incident onto SMs are from PMs and are converging.
Hence, polarization aberrations of the SMs and the TMs have
to be obtained by polarization ray tracing, just as what has been
donein Figs. 7-9.

Diattenuations of the three mirrors in one telescope are also
compared. As shown in Fig. 9, diattenuations of the SMs in the
2 telescopes are greater than those of the PMs and TMs. What
is more, diattenuations of the TMs are so small that they can be
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ignored safely. The relative relationship among the diattenua-
tions of PM, SM, and TM just embodies the characteristics of
TMA telescopes very well.

The magenta curves and black curves in Fig. 9 are obtained
by different ways. The magenta curves are the numerical sum
of corresponding curves of PM, SM, and TM. As a contrast,
the black curves indicate the cumulative diattenuation in which
every light ray goes through PM, SM, and TM [34]. However,
it can be seen that the magenta curves are almost identical to the
black curves in the respective FOV and telescope. Differences
between the 2 kinds of curves increase slowly, along with increas-
ing FOVs. Particularly, the 2 curves match much better in the
FTMA telescope at different Y-FOVs.

Diattenuation of the OTMA telescope increases slowly from
0° to £0.4° FOV as well as the FTMA telescope at different
X-FOVs. The case is different for diattenuation of the FTMA
telescope at Y-FOVs, which keeps going down.

B. Retardance Map

When a light ray goes through an optical element, retardance
characterizes that the phase variance of the light ray depends on
its polarization state. Hence, if unpolarized light is received by
a telescope, optical path differences of orthogonal polarization
components are different. As a result, the whole wavefront in
the image plane of telescopes would become fairly complicated
[22]. Retardance maps for the three mirrors in the OTMA tele-
scope at FOV of [0°, 0°] are shown in Fig. 10. The length of each
line is proportional to the value of retardance in radians, and its
orientation shows fast axis. It should be noted that retardance
results from geometric transformation has been removed [35].
The retardance maps of the PM, SM, and TM are rotationally
symmetric. The maximum retardance of the SM is greater than
that of the other 2 mirrors. The cumulative retardance map is
shown in Fig. 10(d).

A retardance map for each mirror in the FTMA at FOV of
[0°, 0°] is shown in Fig. 11. As well as the diattenuation maps
shown in Fig. 8, the retardance maps are also not rotationally

6001 max:7.6e:4 150 "max:1.2e-3
b
mm@@\////‘a’ e | [/, ®
300 \\\\\’//// \ \\l//////
\\\ o /// \\\ ///
ol— = - 0 — — N
— SOOI — - o
— s frafen? NN — N
/
-300 ////H\\\\ ////H\\\\
/ | \\\7.6e-4 // \\ 12e3
-600 -150
-600 -300 0 300 600 -150 0 150
150 max:4.8e- max:1.9e-
minzs\()é\-; \ } /// (c) 50 minzs\l\g-i \ l /// (d)
~ W\, Pz \\\\\i// V2
~ \\ // ~ \\ // ~
ks 5 I = ER A
= , \\\ ~ — /// S~
// //1|\\ \\ // //1‘\\ \\
/ \ }
-150 [ age7 P //f\\\wia
-150 0 150 -50 0 50
Fig. 10.  Retardance maps of (a) the PM, (b) SM, (c) TM, and

(d) cumulative retardance for the whole OTMA telescope.
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(d) cumulative retardance for the whole FTMA.
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and (b) Y-FOVsin the OTMA telescope and the FTMA telescope.

symmetric. To compare retardance of the FTMA with that of
the OTMA, the mean values of retardance maps at different
FOVs are obtained, and the results are shown in Fig. 12. The
calculation methods and comparison rules are identical to those
in Fig. 9.

Combining the results shown in Figs. 9 and 12, we can see
that the curves of retardance of the 2 telescopes are similar to the
curves of diattenuation but with different values. The reason is
shown in Fig. 2; both diattenuation and retardance are quadratic
functions of incident angles but with different coefficients.

C. Jones Pupil

Jones matrices can fully characterize polarization properties of
any element except depolarization. Mirrors in telescopes belong
to ultrasmooth surfaces, whose depolarization can be safely
ignored [30]. Hence, polarization aberrations of telescopes are
usually characterized by Jones matrices. Each ray through an
optical system has an associated Jones matrix. The polarization
aberration function is a set of Jones matrices expressed as a
function of the pupil and object coordinates. The set of Jones
matrices for a specified object point is called the Jones pupil,
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which has the form of a cumulative Jones matrix map over the
whole telescopes in EP. The Jones pupil is represented by a set of
2 x 2 Jones matrices and contains complex components with
amplitude and phase:

| TxxCes y) Txv(x, y)
S y)= [fyxu,y) fw(x,y)]

_ [ Axx(x, y) 9060 Ayy(x, y) efexin)
= AYX(X,)’) PL2VCND) AYY(xvj/) RIISIEND)

(10)

where (x, y) is the coordinate of the intersection point of ray
and EP. According to the definition of a Jones matrix, the mean-
ings of each A and ¢ in Eq. (10) are apparent and will not be
repeated here.

Via polarization ray tracing, the Jones pupil of the OTMA
telescope is obtained and shown in Fig. 13. Every element in
Eq. (10) is shown as a subgraph. The central hole in every sub-
graph is caused by the obstructed optical path in the OTMA
telescope. On the whole, the Jones pupil is close to the identity
matrix. Small deviations from the identity matrix occur due to
polarization aberrations. The values of Axyand Ayyare smaller
than 1 because of reflection losses from mirror coatings. The off-
diagonal elements Ayy and Ayy indicate polarization coupling
or polarization crosstalk, whose values are evidently smaller than
the diagonal elements. Both Ayy and Ayy are highly apodized,
and typical Maltese cross patterns appear.

The phases of the diagonal elements ¢xy and @yy are contin-
uously changing. As a contrast, the off-diagonal elements @yy
and @yx change discontinuously because phase of a complex
number changes by m when amplitude passes through 0, which
is determined by Snell’s law. The maximum and minimum
values of Ayy are identical to those of Ayy as well as the case of
@xx and @yy, which is different from those of other telescopes
[20,22]. Hence, orthogonal polarization components of unpo-
larized sources going through the OTMA telescope would suffer
from the same amplitude and phase variations. Of course, if
plane mirrors are included as the cases of usual TMA telescopes,
amplitude differences and wavefront differences would appear.

Every Jones matrix in the Jones pupil shown in Fig. 13 can be
decomposed into Pauli matrices and the identity matrix [30,36].
Amplitude and phase of the four coefficients dy, 41, 4, and d5
are shown in Fig. 14. It can be seen that circular diattenuation
and circular retardance (3) are so small that they can be ignored.
Primary polarization aberrations of the OTMA telescope are lin-
ear diattenuation and linear retardance. The maximum value of
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sum of Pauli coefficient maps of the PM, SM, and TM in the OTMA
telescope.

horizontal component (4;) of linear diattenuation is identical to
that of 45 deg component (4,) but occurs at different locations
in the EP. It should be noted that all elements are continuous
in Fig. 14, which are very different from the discontinuous
elements @yy and @yy shown in Fig. 13. This is an important
superiority of Pauli representation [36].

Figures 9 and 12 show the differences between the numerical
sum of polarization aberrations and the cumulative polarization
aberrations of PM, SM, and TM. In this section, we will show
similar differences of the Pauli coefficients. In Fig. 14, the Pauli
coefficients are obtained from the cumulative Jones matrices of
the OTMA telescope. Via polarization ray tracing, we can also
obtain the Jones matrix map for the PM, SM, and TM, respec-
tively. Corresponding Pauli coefficient maps can be obtained for
the three mirrors. Then, it is easy to obtain the numerical sum of
Pauli coefficients of the three mirrors. In this way, the differences
between the numerical sum of Pauli coefficients and the cumu-
lative Pauli coefficients are obtained and shown in Fig. 15. The
differences of all elements are so small that they can be ignored.
Hence, the OTMA telescope is a truly weak polarization system.

The Jones pupil of the FTMA telescope is shown in Fig. 16.
There are also big differences between the results shown in
Fig. 13 and those in Fig. 16. Due to the unobstructed optical
path of the FTMA telescope, holes in the center disappear.
Polarization crosstalk elements Axyand Ayyin Fig. 16 are much
greater than the counterparts in Fig. 13. In addition, a Maltese
cross pattern disappears in both Ayy and Ayy of the FTMA
telescope. The phases of polarization crosstalk @xy and @yx also
change discontinuously and jump twice in a ring, while those
jump four times in the OTMA telescope.
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Fig. 18. Differences between the Pauli pupil and the sum of Pauli
maps of the PM, SM, and TM in the FTMA telescope.

Similarly, the Jones pupil in Fig. 16 is decomposed into Pauli
matrices and the identity matrix. Results are shown in Fig. 17.
Linear polarization aberrations are dominant, while circular
polarizations can also be ignored safely. Being different from the
OTMA telescope, the maximum value of horizontal component
(dy) of linear diattenuation is greater than that of the 45 deg
component () as well as the case of linear retardance (absolute
value).

In the same way, the differences between the numerical sum
and the cumulative Pauli coefficients of the FTMA telescope are
obtained and shown in Fig. 18. It can be seen that the FTMA
telescope is also a weak polarization system.

D. Amplitude Response Matrix

The amplitude response matrix (ARM) is obtained by Fourier
transform of each element of the Jones pupil:
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Fig.19. Valuesof the ARM of the OTMA telescope.
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ARM_[Fny(x,)/)] Fuyy(x,ml’ (1)

where F means Fourier transform operator, and ARM is the
matrix form of the amplitude response function.

Combining the results shown in Fig. 13 with Eq. (11), we can
obtain the ARM of the OTMA telescope. Results are shown in
Fig. 19, in which all elements are normalized by the maximum
value of ARMyy. Diagonal elements ARMxyx and ARMyy are
a typical Airy disk pattern in on-axis telescopes, whose PSFs
are with considerable sidelobes because of the obscured SM.
The maximum value of ARMyy is identical to that of ARMyy.
Off-diagonal elements ARMyy and ARMyy show polarization
crosstalk of the telescope and are also called a “ghost image” [22].
Due to polarization aberrations, ARMyy and ARMyy appear
and are split into four components. According to the results
shown in Fig. 19, the normalized amplitude of the polarization
crosstalk component of the OTMA is 2.16e-4. Polarization
crosstalk of telescopes is troublesome in many applications, such
as polarization remote-sensing lidars [19] and high-contrast
coronagraphs for detecting exoplanets [24] and so on.

The ARM of the FTMA telescope is shown in Fig. 20.
Thanks to the unobscured structure, the sidelobes of ARM yyx
and ARMyy in Fig. 20 are significantly smaller than those in
Fig. 19. The off-diagonal elements ARMyy and ARMyy con-
sist of 2 peaks rather than four peaks. The maximum values
of ARMyy and ARMyy in Fig. 20 are relatively greater than
those in Fig. 19, meaning that polarization crosstalk of the
FTMA telescope is greater than that of the OTMA telescope. In
addition, ARMyy and ARMyy are not identical in Fig. 20. The
reason is explained in the last section.

Finally, it should be noted that the PSF of telescopes for
an unpolarized source consists of four additive compo-
nents, i.e., I =|ARMyy|? + |ARMyy|? 4+ |ARMyy|? +
|ARMyy|*. As shown in Figs. 19 and 20, polarization crosstalk
components, i.e., ARMyy and ARMyy, are with a multipeak
structure. Hence, polarization aberrations would induce the
spatial distribution of PSF to be complicated and no longer rota-
tional symmetric [25]. This is critical to astronomical telescopes
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such as the Euclid space telescope [3] and CSST [5], which aim
to detect weak gravitational lensing, in which PSF ellipticity
caused by telescopes is one of the most important systematic
errors.

5. DISCUSSIONS AND CONCLUSIONS

TMA telescopes are widely used in many applications that
demand high imaging quality and detection accuracy. In this
paper, OTMA and FTMA telescopes are designed and opti-
mized in parallel. Both are diffraction-limited systems and
achieve good imaging performance in full FOVs. In order to
make the 2 telescopes be as similar and comparable as possible,
their constructional parameters, f-number, effective focal
length, effective FOV, and coating film are set to be identical.
Via polarization ray tracing, polarization aberrations of the 2
telescopes are obtained and compared in terms of diattenuation
map, retardance map, Jones pupil, Pauli pupil, and amplitude
response matrix. Discussions and conclusions are listed as
follows:

1. Via polarization aberration theory, polarization properties
of on- and off-axis optical elements are compared in terms
of diattenuation, retardance, and polarization crosstalk.
Due to smaller angles of incidence, polarization aberrations
of on-axis elements are always smaller than those of other
off-axis subapertures with the same diameter.

2. Polarization aberrations are closely related to structural
features of telescopes. All power mirrors in the OTMA
telescopes are rotationally symmetric about the optical
axis, so that diattenuation and retardance maps of these
mirrors are also rotationally symmetric. In contrast, diat-
tenuation and retardance maps of the FTMA telescope are
nonrotationally symmetric.

3. In OTMA and FTMA telescopes, the numerical sum
of corresponding diattenuation of PM, SM, and TM is
nearly identical to the cumulative diattenuation as well as
the case of retardance. Similarly, the differences between
numerical sum of Pauli coefficients and the cumulative
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Pauli coefficients in the 2 telescopes are so small that they
can be ignored safely. It is proved that TMA telescopes are
weak polarization elements and can be analyzed by paraxial
polarization aberrations. This is important because polari-
zation aberrations of TMA telescopes can be obtained by a
greatly simplified method, i.e., Pauli representation.

4. The cases of Jones pupil and ARM in the 2 telescopes are
consistent with diattenuation and retardance. If unpolar-
ized light goes through the OTMA telescope, orthogonal
polarization components would suffer from identical
amplitude and phase variations. For the FTMA telescope,
however, incident unpolarized light becomes partially
polarized light whose orthogonal polarization components
are with different wavefront aberrations.

5. Diattenuation, retardance, and polarization crosstalk of
power mirrors in the OTMA telescope are significantly
smaller than the counterparts in the FTMA telescope.
Evidently, this is one shortcoming of off-axis telescopes,
although they have several other important advantages over
on-axis ones.

6. Polarization aberrations of SMs in the OTMA and FTMA
telescopes are greater than those of both PMs and TMs.
What is more, polarization aberrations of TMs are so small
that they can be safely ignored. The relative relationship
among the polarization aberrations of PM, SM, and TM
embodies the characteristics of TMA telescopes.

7. Plane mirrors, which are always used in TMA telescopes
to adjust light path and focal planes, are not included in
this paper. The reason is that plane mirrors enable one to
change and compensate the polarization aberrations arising
from upstream optical elements, which would disturb our
comparisons in this paper.
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