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ABSTRACT

One of the objectives of modern astronomy is the characterization of terrestrial exoplanets orbiting Sun-like stars
in the mid-infrared, where instruments face requirements that can only be overcome by nulling interferometry.
Particularly, optical effects such as polarization aberrations require careful attention for they deteriorate the null
depth. Using the optical design of the Exoplanet Explorer concept study, we simulate the influence of polarization
aberrations over the 3–20 µm band, analyze their impact on the null depth and propose multiple compensation
strategies for polarization aberrations. Furthermore, we present our nulling interferometry test bench, where
we will experimentally investigate polarization aberrations in the beam combiner and phase shifter to provide
more insights into the required polarization errors. These results will be used to implement polarization control
subsystems in our 4-beams broadband nulling interferometry test bench CAPIBARA (Combining 4 APertures
for mid-Infrared Broadband Analysis of Rocky-exoplanets Atmospheres).
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1. INTRODUCTION

Since the discovery of 51 Pegasi b in 1995,1 a large diversity of exoplanets have been discovered, ranging from
Jupiter-like gas giants to Earth-like rocky planets.2 This variety of exoplanets results in a growing interest for
the characterization of exoplanetary atmospheres. Current instruments such as ESPRESSO3 and SPHERE4

on the Very Large Telescope, and space telescopes like the Hubble Space Telescope5 and the James Webb
Space Telescope6 are able to probe the atmospheres of some exoplanets. However, atmospheric analyses are
predominantly limited to gas giants since current instruments are not able to reach the angular resolution (100
mas) and contrast (106-1010) required to characterize terrestrial exoplanets.7,8

Space-based nulling interferometry, first proposed by Bracewell in 1978,9 offers the capability to meet the high
contrast and angular separation requirements for the characterization of Earth-like exoplanets in the mid-infrared.
The light entering the different apertures is recombined such that it produces a dark fringe on the line-of-sight,
strongly suppressing the stellar emission, while for an off-axis source, like an exoplanet, the light is transmitted
with a transmission efficiency depending on the telescope baseline and the wavelength. Such missions were pro-
posed by the National Aeronautics and Space Administration (NASA) and the European Space Agency (ESA) in
the early 2000s, respectively with the Terrestrial Planet Finder Interferometer (TPF-I) and Darwin. However, the
missions studies were discontinued in the late 2000s. More recently, ground- and space-based nulling interferom-
etry has been gathering momentum with projects such as the Guided-Light Interferometric Nulling Technology
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(GLINT),10 Asgard-NOTT,11 the Large Interferometer For Exoplanets (LIFE),12 the Multiple-spacecraft Exo-
planet Aperture sYnthetic INterferometer (MEAYIN),13 and the Exoplanet Explorer nulling interferometer.14

The latter is an ESA-funded project investigating the feasibility of a single-spacecraft nulling interferometer,
operating in the mid-infrared between 3–20 µm, aiming to detect and characterize temperate rocky exoplanets
around nearby stars. The scope of the project encompasses system architecture development, optical chain
design, mechanical architecture and performance assessment. The optical design development spans the indi-
vidual telescope assemblies, the beam combination and control, the spectral dispersion, and the detection. This
includes detailed trade-offs between telescope configurations, pupil transfer systems, achromatic phase shifters,
the control and monitoring system, the Modified Mach-Zehnder (MMZ) beam combiners, the fiber injection
and the spectral analysis through spectrograph. Furthermore, critical aspects such as polarization management,
wavefront quality control, and radiometric performance are addressed. Polarization management is especially
important in high contrast instrument, as it has been shown to be a contrast limiter in nulling interferometry
by several studies.15–17

1.1 Goal of the Study

The objective of this work is to quantify the effects and the impact of polarization aberrations on the null depth.
We focus on the analysis of polarization aberrations in the optical design of the Exoplanet Explorer nulling
interferometer and on understanding whether polarization aberrations are negligible to achieve a null-depth of
10−6. The simulated results are compared with the calculated diattenuation and retardance requirements needed
to reach a null-depth of N = 10−6. Finally, we propose compensation strategies to improve the polarization
aberrations in the system and describe future work. The paper is organized as follows, the theoretical overview
of polarization aberrations is presented in Sec. 2, the optical design is reviewed in Sec. 3, while Sec. 4 describes
the methodology and results of the polarization aberrations simulations, and propose mitigation techniques that
can reduce the polarization aberrations. In Sec. 5, we present our nulling interferometry testbench, and finally,
results and future work are discussed in Sec. 6.

2. THEORY

2.1 Polarization Aberrations

Polarization aberrations correspond to the spatial variations of the polarization states, both in amplitude (known
as diattenuation) and phase (known as retardance). They arise from the response of polarization to the coating,
the optical design geometry, and the imperfections of the surfaces and the optical alignment. In most optical
systems, polarization aberrations have a marginal influence on the instrumental performance when compared to
wavefront aberrations and other sources of error, thus these aberrations are often disregarded. However, in high
contrasts instruments like nulling interferometers and coronagraphs, polarization aberrations must be taken into
account to achieve the scientific objectives.15–17

2.2 Polarization Ray Tracing, Jones Pupil, Diattenuation and Retardance

Polarization ray trace combines standard ray tracing with the vector properties of polarization to understand the
impact of the optical system on the polarization across the beam cross-section and to balance the polarization
aberrations introduced by the different optical surfaces. The polarization aberrations in an optical system depend
on the pupil coordinates (σx, σy) and the field coordinates (τx, τy). The field corresponding to a Sun-Earth-
like system is almost zero, thus we assume that the polarization aberrations are only a function of the pupil
coordinates. We use the Jones formalism, which provides the amplitude and the absolute phase of the individual
rays, however each ray is fully polarized. Usually, the ideal optical system preserves the input polarization,
ensuring that a beam with a uniform polarization entering the optical system exits with the same uniform
polarization state. Using the Jones formalism, the resulting polarization function is described by the identity
Jones matrix, and any deviation from the identity matrix is refereed to as polarization aberrations. Thus we
have the following relation between the incoming and exiting electric field,(

E1

E2

)
out

=

(
J11 J12
J21 J22

)(
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E2

)
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, (1)
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where E1 = A1e
iϕ1 and E2 = A2e

iϕ2 are the vector components of the electric field. In the formalism, each
Jones matrix is associated to one ray, therefore by taking all the Jones matrices for all the pupil coordinates, we
can create a 2x2 map, representing the Jones matrices evolution with the pupil coordinates i.e., the Jones pupil
as can be seen in Fig. 3.

In order to compute the diattenuation and retardance from the Jones pupils, we use the polar decomposition
method. This method and the formalism of polarization aberrations has been developed by McGuire and
Chipman Polarized Light and Optical Systems.18–21 Here, we shortly describe how to obtain the diattenuation
and the retardance from the Jones matrix. Using the polar decomposition theorem, we can write the Jones
matrix J as the product of a unitary and a Hermitian matrix.

J = UH = H ′U, (2)

where the Hermitian matrix H corresponds to the diattenuation of the Jones matrix J , and the unitary matrix
U corresponds to the retardance of the Jones matrix J . We compute U and H as follow,

JJ† = H2 and U = JH−1. (3)

Then, we can get the normalized eigenvectors v̂± and eigenvalues λ± of H and U , and calculate the diattenuation,
the retardance, as well as their orientation and ellipticity. For the diattenuation matrix H, the eigenvalue λ+ is
the maximum diattenuation transmittance and the eigenvalue λ− is the minimum diattenuation transmittance.
The normalized eigenvectors represent the maximum and minimum diattenuation transmission direction of the
system. In other words, they correspond to the polarization states that are the most and least transmitted by
the system. The diattenuation intensity is given by

D =
λ2
+ − λ2

−
λ2
+ + λ2

−
. (4)

The eigenvalues of the retardance matrix U represent the phase accumulated on the fast and slow axes, and the
eigenvectors represent the fast and slow axes of the system. The eigenvalues of the retardance matrix U have a
magnitude equal to 1, meaning that the eigenvalues can be written as

λ± = e−iϕ± . (5)

The retardance is given by the magnitude of the difference between the angle of the two eigenvalues

δ = |ϕ+ − ϕ−|. (6)

2.3 Null-Depth

Before the beam combination, the beams of each telescope subsystem have their own optical path, as shown in
Fig 1. For each telescope, the electric field associated with a ray at the pupil coordinates (σx, σy) is given by

E⃗σx,σy = (Ex̃, Eỹ)σx,σy , where Ex̃ and Eỹ are the electric field components in the (ˆ̃x, ˆ̃y) base. Thus, the electric

field of the telescope system Ti at the pupil coordinates (σx, σy) is denoted by E⃗Ti
σx,σy

. The vector representing

the polarization state in the telescope system Ti at the pupil coordinates (σx, σy) is denoted by êTi
σx,σy

. For

readability in the following equation, we will denote the electric field E⃗Ti
σx,σy

by E⃗i, and the polarization state

êTi
σx,σy

by êi. The maximum and minimum intensity resulting from the interference of two beams is given by
Imax and Imin, respectively.

Imax = |E⃗1|2 + |E⃗2|2 + 2

√
|E⃗1|2|E⃗2|2 (ê1 · ê2) , (7)

Imin = |E⃗1|2 + |E⃗2|2 − 2

√
|E⃗1|2|E⃗2|2 (ê1 · ê2) . (8)

From these we can obtain the null depth N ,

N =
Imin

Imax
. (9)
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In Eq. 7, if the polarization state in the telescope systems ê1 and ê2 are not identical, we will not maximize
Imax nor minimize Imin due to the dot product between the two polarization states. This directly shows the
dependence of the null depth on the phase and the orientation of the polarization between the two interfering
beams. Moreover, any imbalance between the intensities of the beams will lead to a degradation of the null
depth. In Tab 1, we show the maximal diattenuation difference ∆D, in normalized amplitude, and retardance
difference ∆δ, in degrees, that permit to reach the required null depth of N = 10−6. For this calculation, we
take identical initial polarization state between the beams, and introduce either retardance or diattenuation on
one of the beam such that the null depth equals N = 10−6.

Table 1. Required diattenuation and retardance difference between two beams to reach a null depth of 10−6.

Parameter Units

Required N 10−6

∆D 3× 10−3 [ - ]
∆δ 0.16 [deg]

3. OPTICAL DESIGN

3.1 Telescope Design

T1

T3

T2

T4

Double Bracewell
Beam Combiner

T1 T2T3 T4

M1

M2

Fold1
Fold2

Fold3

T1+T2 T3+T4

T12+T34

(a) (b)

Figure 1. (a) Artistic view of the linear array version of single spacecraft nulling interferometer. (b) Optical chain of
the single spacecraft nulling interferometer until the beam combiner entrance. It features 2 identical pairs of telescopes
T1-T2 and T3-T4. Each individual telescope has the same number of reflective surfaces.

The proposed optical design of the single spacecraft nulling interferometer, as shown in Fig. 1, consists of a linear
array of 4 telescopes and a double Bracewell beam combiner configuration. In this work, we only consider the
telescopes T1 and T2, as shown in Fig. 2. The telescopes T3 and T4 are the mirrored design of T1 and T2,
respectively, and will be taken into account in the next phase of our simulation work. Each telescope subsystem
has a 2.5 m unobscured off-axis parabolic primary mirror (M1) and an off-axis parabolic secondary mirror (M2).
The M1-M2 system compresses the beam to 100 mm. Then, we use three fold mirrors to create a delay line
ensuring that the 4 telescopes have the same optical path length. Since the exit pupil of the M1-M2 system is
virtual, a transfer of the exit pupil closer to the beam combiner entrance is necessary for wavefront correction.
To this end, we add a retro-reflective cat’s eye system. The system consists of two parabolic mirrors (parab1
and parab2) and one spherical mirror (spher1). The spherical mirror surface is positioned at the focus of the
parabolas, and its radius of curvature defines the position of the output pupil. The beam is shrunk to 25 mm
by the cat’s eye system as is shown in Fig. 2). Typically, a cat’s eye setup is built around a Variable Curvature
Mirror (VCM) for large interferometers like the VLT because the beam undergoes changes in effective optical
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path length, conjugation distance between pupils, and beam divergence or convergence. However, we do not
need a VCM as the delay line length is very limited (∼cm to ∼nm). Spher1 is therefore not a VCM but a fixed
curved mirror, since the pupil’s new location is constant. The optical design is detailed by Mazzoli et al.22

parab2
parab1spher1

M1

M2

Fold1
Fold3

Fold2

parab1
parab2

spher1

M1

M2

Fold1

Fold3

Fold2

T1 T2

Figure 2. (Left) Telescope T1 on the left side. (Right) Telescope T2 on the right side. It features a 2.5 m diameter
off-axis parabolic primary mirror. The system is afocal and features a fold mirror system to ensure the same the optical
path length for the 4 telescope systems. A cat’s eye system transfers the exit pupil of the M1-M2 system closer to the
beam combiner entrance.

4. RESULTS AND DISCUSSION

In this work, we are focusing on the diattenuation and the retardance arising from the telescopes subsystems
and the effect of these polarization aberrations on the null-depth. Furthermore, we focus our analysis on the
telescope systems T1 and T2 before the beam combiner entrance, until the exit of the cat’s eye system, and we
do not use any physical beam combiner to perform our beam combination. Instead, we simulate the interference
by overlapping the two counter-propagating beams along the z-axis. We generate the Jones pupil (J) for each
surface at wavelengths of 3 µm and 20 µm by performing polarization ray trace with CODE V. The Jones
amplitude are normalized between 0 and 1, 1 being the value at the input of the system, and the phase is in
radians. Fig. 3 show the Jones pupil amplitudes (a) and the phase (b) variations at the beam combiner entrance
of the telescope chain T1 as shown in Fig. 2 for gold coated surfaces at λ = 3 µm. The results for the telescope
T2 can be found in Fig. 8 in App. A.

Proc. of SPIE Vol. 14148  1414830-5



Normalized Amplitude Phase [rad]
𝜆𝜆 = 3 𝜇𝜇𝜇𝜇

T1

Figure 3. Amplitude and phase of the Jones pupil at 3 µm, at the beam combiner entrance of the telescope system
T1. The colorbars do not have the same scale. The |Jxx| and |Jyy| diagonal terms are about a 100 times larger than
the crosstalk terms |Jxy| and |Jyx|, therefore dominating the polarization aberrations. One can observe that across the
|Jxy| and |Jyx| pupils, the variations in amplitude are of the order of 10−3, and the amplitude difference between |Jxy|
and |Jyx| are of the order of 10−2. This introduces small amplitude variations of the polarization state. The phases of
the diagonal terms ϕxx and ϕyy show variations across their pupil and between each other. These differences introduce
ellipticity. Furthermore, the ϕxy and ϕyx terms have a discontinuity due to the phase wrapping of the arctan 2 function.

Then, we calculate the diattenuation and retardance aberration maps using the methodology described in
Sec. 2.2. We plot the diattenuation across the beam cross section at the exit of the telescope system T1 in
Fig. 4 and the retardance in Fig. 5 for the telescope system T1. The plots for the telescope system T2 can be
found in App. A. The diattenuation differs at different wavelengths but the overall amplitude of the variations
remains similar. The changes of diattenuation with pupil coordinates is caused by the varying angle of incidence
of the curved surfaces and the effect is amplified by the fold mirrors at 45◦. In addition, we can see a change
in the orientation of the diattenuation with the pupil coordinates. These variations are introduced by the non-
constant angle of incidences of the parabolic mirrors. The retardance values change with wavelength, same for
the variations across the pupil. The retardance shows the same intensity variation pattern as the diattenuation,
however the difference of retardance between the two wavelengths is almost of an order of magnitude. It is to
be noted further, that both the diattenuation and retardance are slightly elliptical. From these plots, we can
understand that the telescope favors different polarization states at different pupil coordinates locations and at
different wavelengths. The variation with pupil coordinates implies that we need a polarization compensating
strategy that can compensate for different aberrations at the same time across a beam, such as metasurfaces,23

spatial light modulators (SLMs), or multilayer coatings.24 On the other hand, the variation of diattenuation and
retardance with wavelength indicates that we might need to split the system in several wavebands to provide
nominal performance across the whole 3-20 µm waveband. In particular, the dependence of the retardance
on wavelength could lead to different phase shifts at different wavelengths if not compensated in the phase
shifter. Furthermore, the polarization aberrations are stronger at shorter wavelengths, thus we need a stringent
polarization management at the shorter wavelengths.
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Diattenuation

𝜆𝜆 = 3 𝜇𝜇𝜇𝜇 𝜆𝜆 = 20 𝜇𝜇𝜇𝜇

T1

Figure 4. (Left) Diattenuation map at λ = 3 µm and (Right) diattenuation map at λ = 20 µm at the beam combiner
entrance of T1. The length and the color of the dashes depict the value of the diattenuation (cf. Eq. 4), while the
orientation and ellipticity represent the maximum diattenuation transmission direction of the system. In other words,
it corresponds to the polarization states that are the best transmitted by the system. We can see the variations in
diattenuation at different position across the beam. The intensity of the diattenuation depends on the wavelength but
the order of magnitude of the variations is the same at the different wavelengths.

Retardance
𝜆𝜆 = 3 𝜇𝜇𝜇𝜇 𝜆𝜆 = 20 𝜇𝜇𝜇𝜇

T1

Figure 5. (Left) Retardance map at λ = 3 µm and (Right) retardance map at λ = 20 µm at the beam combiner entrance
of T1. The length and the color of the dashes depict the value of the retardance (see equation Eq. 6), while the orientation
and ellipticity represent the fast axis of the system at a given pupil coordinate. The variations of retardance across the
pupil are located at the same location than the diattenuation ones. We can see a change in retardance with wavelength,
both in term of values and variation intensity across the pupil.

Using the Jones pupils of the 2 telescopes system from Figure 2, we simulate the effect of the polarization
aberrations on the null depth by recombining the two telescopes outputs using the method described in Sec. 2.3.
In the current state of the study, we do not use a specific design for the beam combiner. Instead, we simulate
the interference by overlapping the two counter-propagating beams along the z-axis. We calculate the system’s
null depth for each ray using their associated Jones matrices. At 3 µm, the center of the pupil, the area limited
by the white dotted circle, has an average null depth of N = 1.70 × 10−6, while the whole pupil shows an
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average null-depth of N = 2.05× 10−5. At 20 µm, the center of the pupil, the area limited by the white dotted
circle, has an average null depth of N = 4.15 × 10−8, while the whole pupil shows an average null-depth of
N = 5.66 × 10−7. It is important to note that this maximal null-depth is only a result of the polarization
aberrations, the optical surfaces and the alignment are considered to be perfect. An optimized layout of the
setup and the use of mitigation strategies would allow to reach a deeper null depth. In order to reach a null
depth of N = 10−6, the polarization aberrations (diattenuation and retardance) must be below values listed in
Tab. 1. Figure 6 shows the null depth at (a) λ = 3 µm and (b) at λ = 20 µm.

Null Depth
𝜆𝜆 = 3 𝜇𝜇𝜇𝜇 𝜆𝜆 = 20 𝜇𝜇𝜇𝜇

Figure 6. (Left) Null depth at λ = 3 µm. (Right) Null depth at λ = 20 µm.

According to the averaged differential diattenuation ∆D and retardance ∆δ shown in Tab. 2, the null depth
at 3 and 20 µm should be lower than 10−6 when comparing the results with the requirements presented in
Tab 1. However, this is not what is observed in Fig. 6, and it can be explained by several factors. In Tab. 1, we
calculate the maximum theoretical null depth using Eq. 7 & 9 in the scenario where we only have diattenuation
or retardance, while both are present at the same time in our simulations. Furthermore, in Tab. 2, we take the
pupil averaged diattenuation and retardance, which differ from the diattenuation and retardance at the different
pupil coordinates. Moreover, the interference not only depends on the values of diattenuation and retardance
but also on their orientation and ellipticity, and these can be different for the two telescope exits at overlapping
pupil coordinates. Tab. 2 is compiling the results obtained for the simulations of the 2 telescopes system with
different beam/system parameters.

Table 2. Averaged diattenuation and retardance for the telescope systems T1 and T2, diattenuation and retardance
difference between the two telescopes, and averaged null depth at 3 and 20 µm.

Wavelength Units

Parameter 3 µm 20 µm

DT1
9.58× 10−3 8.68× 10−3 [ - ]

δT1 13.54 2.07 [deg]
DT2 9.57× 10−3 8.67× 10−3 [ - ]
δT2

13.53 2.06 [deg]
∆D 0.01× 10−3 0.01× 10−3 [ - ]
∆δ 0.01 0.01 [deg]
⟨N⟩ 2.05× 10−5 5.66× 10−7 [ - ]
⟨Ncenter⟩ 1.70× 10−6 4.15× 10−8 [ - ]
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4.1 Polarization Aberrations Mitigation

To mitigate the polarization aberrations, we need to consider the aberrations from the telescope system, the
transfer optics and the beam combiner. We can reduce the polarization aberrations by optimizing the optical
coatings design, lowering the angle of incidence on the mirrors and by using a crossed mirrors configuration for
the fold mirrors. Apart from these mitigation techniques, we can compensate polarization aberrations using
components that have the opposite amplitude or phase aberration operation, such as metasurfaces, spatial light
modulators (SLMs) or phase-masks. Current studies for the next generation of large space observatories also
include polarization compensation strategies, such as protective coatings.24 These different mitigation strategies
can be used at different levels of the optical chain, before the beam combiner or after the recombination.

5. TESTBENCH

CAPIBARA (Combining 4 APertures for mid-Infrared Broadband Analysis of Rocky-planets Atmospheres) is
a nulling interferometry testbench under construction at the TU Delft. The aim is to build a mid-infrared
broadband polarization optimized nulling interferometer. We are currently working on the mid-infrared four-
beams multispectral beam generator, (see Sigusch et al.25) and on the polarization characterization testbench
as shown in Fig. 7. The polarization setup will be capable of generating and measuring any polarization state
(full-Stokes) across the beam cross-section. The testbench aims to provide an experimental understanding of the
evolution of polarization aberrations in the delay line, achromatic phase shifter and beam combiner, as well as
their impact on the null depth.

Source
&

Spatial
Filtering

Polarization 
Generator

Delay 
Lines

Polarization 
Analyzer

MMZ

532 nm

APS

Linear polarizer

Waveplate

Laser

Detector

Single mode fiber

Off-axis parabola

Retroreflector

Mirror Beamsplitter

Tip-tilt

Rotation

Translation

Figure 7. Optical layout of the polarization aberrations characterization testbench. The polarization generator can provide
any polarization state and matches the intensities between the two beams. The solid arrows at the output of the MMZ
correspond to the null output, and the dashed arrows correspond to the bright output. The MMZ will be mounted on a
rotational platform to simulate the angular separation between the planet and the star light. The polarization analyzers
measure all polarization states and their variation across the beam.

6. CONCLUSION AND FUTURE WORK

With our analysis, we analyzed the behavior of polarization aberrations across the pupil of the optical chain of
the Exoplanet Explorer telescope design. We performed the analysis at two different wavelengths and demon-
strated the wavelength dependence of polarization aberrations and the corresponding null depth degradation. We
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proposed several mitigation techniques to mitigate the polarization aberrations including compensating optics
and multilayer coatings.

In future works, we will extend the analysis to the 4 telescopes of the spacecraft, and include the optical
chain of complete instrument. We are going to investigate the differential effects between the telescope systems
(T1, T2, T3, and T4) due to their different orientations. Towards this end, we will study the impact on the beam
combination of: the pupils rotations, alignment and the polarization aberrations differences between the pupils
in order to optimize the optical chain. Moreover, we will simulate the optical chain up to the detector in order
to understand the polarization impact in the different subsystems to find the best optical design strategies. The
future study will also include several coatings for beamsplitters and mirrors, as well as different beam combiners
and achromatic phase shifter designs. The results should provide requirements on polarization aberrations at
the subsystem level to reach the desired null depth of 10−6.

Finally, to verify experimentally our simulations, we are building a testbench to study the behavior of polar-
ization in the beam combiner and in the phase shifter.
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APPENDIX A. TELESCOPE SUBSYSTEM 2

In this section, we show the Jones pupils of telescope T2 on Fig. 8, and its diattenuation and retardance maps
on Fig. 9 & 10 for comparison purposes with the same figures shown for T1 in Sec. 4.

Phase [rad]
𝜆𝜆 = 3 𝜇𝜇𝜇𝜇

T2

Normalized Amplitude 

Figure 8. Amplitude and phase of the Jones pupil at 3 µm at the beam combiner entrance of the telescope system T2.
The colorbars do not have the same scale. The |Jxx| and |Jyy| diagonal terms are about a 100 times larger than the
crosstalk terms |Jxy| and |Jyx|, therefore dominating the polarization aberrations. One can observe that across the |Jxy|
and |Jyx| pupils, the variations in amplitude are of the order of 10−3, and the amplitude difference between |Jxy| and
|Jyx| are of the order of 10−2. This introduces small amplitude variations of the polarization state. The phases of the
diagonal terms ϕxx and ϕyy are showing variations across their pupil and between each other. These differences introduce
ellipticity. The ϕxy and ϕyx terms have a discontinuity due to phase wrapping of the arctan2 function.
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Diattenuation

𝜆𝜆 = 3 𝜇𝜇𝜇𝜇 𝜆𝜆 = 20 𝜇𝜇𝜇𝜇

T2

Figure 9. (Left) Diattenuation map at λ = 3 µm and (Right) diattenuation map at λ = 20 µm at the beam combiner
entrance of T2. We can see the variations in diattenuation at different position across the beam. The intensity of
the diattenuation depends on the wavelength but the order of magnitude of the variations is the same at the different
wavelengths.

Retardance
𝜆𝜆 = 3 𝜇𝜇𝜇𝜇 𝜆𝜆 = 20 𝜇𝜇𝜇𝜇

T2

Figure 10. (Left) Retardance map at λ = 3 µm and (Right) retardance map at λ = 20 µm at the beam combiner entrance
of T2. The variations of retardance across the pupil are located at the same location than the diattenuation ones. We
can see a change in retardance with wavelength, both in term of values and variation intensity across the pupil.
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