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In astronomy, the ability to make in situ measurements is rare and incredibly limited. As
many physical inferences as possible are squeezed out of every photon observed by astronomers,
making the resulting models and theories only as good as the data collected and the methods used
to calibrate those data. As science requirements drive tighter constraints on the sensitivity and
accuracy of measurements, calibration efforts must also be improved.

Astronomical mirror coatings are often metals protected by multiple layers of dielectrics.
Varying the thickness and layering of the dielectrics can lead to significant changes in the po-
larization properties (retardance, diattenuation, and depolarization) of reflected light across all
wavelengths. The polarized response also varies with the angle of incidence, the shape of the mir-
ror, and the uniformity of the coating. In models that predict the polarized response of simple or
complex optical systems, assumptions are usually made on the properties and uniformity of coated
optical surfaces.

The National Science Foundation’s Daniel K. Inouye Solar Telescope (DKIST) aims to take
polarization measurements of unprecedented polarimetric sensitivity and accuracy in order to
achieve its science goals. This requires detailed knowledge of all sources of instrumental-induced
polarization changes, particularly from the various coatings on optics, to accurately predict both
polarization performance through the entire DKIST system in all possible configurations, and to
predict any polarization errors across the telescope field of view.

This thesis seeks to improve current polarization calibration methods by characterizing dif-
ferent dielectric mirror coatings and providing more realistic inputs to the system models being

used. We first assess the impact of refractive index source data on the accuracy of model outcomes.
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We then present how a non-uniformly applied coating affects polarization performance and causes
depolarization across an aperture. Using DKIST as an application, we compare the depolarization
effects of mirror coating non-uniformity to other known sources of systematic polarization error. We
find for the majority of wavelengths that estimates of depolarization are well within the tolerance
limits set by DKIST’s error budget. However, the depolarization estimates at the 396 nm and 854
nm Ca II lines were found to be on the order of 1072, which is above the allowed tolerance for error
in DKIST without accounting for any other sources of systematic error. We conclude that more
work is needed at the Ca II wavelengths to determine if DKIST’s current wavelength-independent
error matrix is sufficient for understanding polarization accuracy requirements across the entire
DKIST wavelength bandpass or if a wavelength-dependent error matrix must be developed for the

best prediction of system performance.
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In the reflecting telescope, the mirror’s the thing.
No matter how elaborate and accurate the rest of the

instrument, if it has a poor mirror, it is hopeless.

Russe,. W. PORTER!
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Sources of refractive index data that went into the 64 model combinations used to

produce Figures 2.6 and 2.7. ngug is the Debenham dispersion — 0.1 at every

shift
wavelength. TData file obtained from refractiveindex.info;*? TOnly plotted in Figure
2.7; ¥Private communication . . . . . . ... ...

Nominal formulas and layer thicknesses for the single-layer coating samples as pro-

vided by Infinite Optics . . . . . . . . . .

Average DI, average DoP and aperture average depolarization over the aperture
of the mirror modeled in Figures 3.7 and 3.8 at multiple AOIs. There is little
polarization loss over the aperture from this particular non-uniformity. . . .. . . .
Average DI and DoP over the aperture of the mirror modeled in Figures 3.10 and
3.11 at multiple AOIs. There is still small changes in the DoP over the surface for this
very non-uniform mirror simulation. Compared to the mirror that was modeled to
be of similar layer thickness as the DKIST mirrors in 3.1, this mirror is, on average,

~ 3 orders of magnitude more depolarizing. . . . . . . ... ... oL

Angle of incidence for each of the 10 mirrors on DKIST.'??* With the exception
of M1, all of these mirrors are coated with “DKIST Silver.” The primary mirror of
DKIST, M1, is coated with bare Al, however all mirrors in the models presented

here are assumed to be coated with a protective silver. . . . . . . . ... ... ...
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the reflectance decreased as expected for a series of Ag mirrors. Diattenuation (D),
average depolarization index (DI), and the average degree of polarization (DoP)
increased by an order of magnitude. This was expected as each mirror is identical
and contributing the same amount of depolarization to the final image.. . . . . . . .
The different models presented in Sections 3.2.1 and 4.1 for a single mirror at different
AOQIs yield slightly different results due to differences in how they were calculated.
While small in magnitude, depending on the level of precision necessary for a po-
larimetry result, averaging over the aperture later in the calculation and increased
computation time may be necessary. . . . . . . . . ...
A summary of depolarization metrics for 10 stacked mirrors at different AOIs at a
wavelength of A = 656.28 nm. The average depolarization values listed in the last
column are the same order of magnitude or smaller than the tolerances set by the

DKIST error matrix (Equation 1.29). . . . . .. ... ... ... ... ... ...

A summary of depolarization metrics for various wavelengths that are important to
DKIST science objectives. Each row represents a 10-mirror stack where the AOI of
all mirrors are set to 45° or the DKIST AOIs listed in Table 4.1 are used. The Ca
IT lines in both the UV and IR are highlighted as being of the same magnitude as
the allowed error tolerances. This could be problematic if depolarization estimates

increase as expected with the inclusion of telescope articulation and powered optics.
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Figure

1.1

1.2

1.3

Figures

A transverse electromagnetic wave. The direction of wave propagation is perpen-
dicular to the oscillations of both the electric (green, striped) and magnetic fields
(orange), which are also perpendicular to each other. As the electric field vector is
constrained to oscillate in a single plane (vertically), this is an example of a linearly
polarized wave. . . . . . .. L e e e e e e e e
Examples of possible states for totally polarized radiation for different values of the
phase difference 6. When § is equal to 0 or 7, the ellipse becomes a straight line and
the radiation is linearly polarized as shown in the first column. When the amplitudes
of the intensity are equal (a; = ay), and 6 = 7/2 or § = 37 /2, the ellipse becomes a
circle and is circularly polarized as in the last column. Reproduced from Fig. 2.3 of
Introduction to Spectropolarimetry (del Toro Iniesta 2003).5 . . .. ... ... ...
Diattenuation occurs when there is a change in amplitude of one component of the
electric field. Light propagates from left to right in the diagram and enters a polarizer
with equal amplitudes in the E, and E, planes. The light wave exits the polarizer
with the same amplitude, E’, = E,, on the horizontal axis, and with a smaller
amplitude, E’,, on the vertical axis. In this example, the new amplitude of E’, has

been attenuated, while E’, has been preserved. . . . . . ... .. ... ... ....



1.4

1.5

1.6

1.7

Retardance occurs when there is a phase difference between the X and Y components
of the electric field. This transverse wave enters a retarder with its striped and
solid components in phase. The exiting wave is no longer in phase with the striped
component lagging behind the solid component. The optic has retarded the wave in
the X plane. . . . . . . . . e e
The polarized elements of a Stokes vector. 3 and U both represent linear polarization
while V describes the circular polarization. The squared sum of the elements sums
to the total intensity I in Equation 1.8 . . . . . . . . . ... ... oL
Mirrored surfaces can either be protected by a substrate as illustrated in a) or have
the coated surface exposed as illustrated in b). In both panels, the red arrows
represent the path of incident light. The exposed glass of a secondary surface mirror
refracts the incoming light, adding internal reflections, image ghosting, and other
aberrations. For applications that require optical precision, a first surface mirror is
preferred as incident light is reflecting directly off of the coating. In this type of
design, the coated surface is exposed and light does not reach the glass substrate.
A first surface mirror is often desirable for technical applications that are sensitive
to absorption by the substrate or wavefront distortions, however some durability is
sacrificed. . . . .. oL L
Enhanced mirror coatings use various dielectric thin films to boost the performance
and durability of first-surface mirrors. Layers of alternating high- and low-refractive-
index films protect from environmental damage. A thin adhesive layer deposited
before the reflective metal helps the coating to better adhere to the substrate. Image

not drawn to scale. . . . . . . . . e
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1.9

1.10

1.11

The most commonly used methods for manufacturing thin film coatings are: a)
Electron Beam Evaporation which heats a source material until it vaporizes and
recondenses on the substrate surface; b) Ion Assisted Deposition is similar to electron
beam evaporation with the addition of a high energy ion gun used to create denser
coatings; ¢) Ion Beam Sputtering utilizes high energy ions to free atoms from the
target source rather than thermal heating. This results in a more precise and uniform
coating. Reproduced from https://www.reoinc.com® . . . .. ... ... ... ...
The molecular structure of a coating is dependent on deposition method, angle of
deposition, and environmental factors such as temperature and pressure. Columnar
structures grow from e-beam techniques as seen in a. Other methods, such as IAD
and IBS, result in amorphous coatings as in the top layer of b. Reproduced from
McCall, Hodgkinson, and Wu, Figures 1.2 and 7.87 . . . . . . . . .. .. .. ....
A cut-out drawing of the Daniel K. Inouye Solar Telescope (DKIST), a 4-meter,
off-axis Gregorian solar telescope. DKIST observes the Sun with state-of-the-art
imaging and spectroscopy instrumentation located in a rotating coudé laboratory.
Diffraction-limited observations of the solar surface can resolve features as small as
20 km at a wavelength of 500 nm. Adapted from nso.edu . . . . . . . . ... ... ..
A rotating coudé floor houses mirrors M7 - M10 and DKIST’s five first-light in-
struments: VBI, ViSP, DL-NIRSP, Cryo-NIRSP, and VTF. Light comes from the
telescope above and is leveled and collimated by mirrors M7 - M9. M10 is the de-
formable mirror (DM) and is part of the adaptive optics (AO) system. From the
DM, light is directed into FIDO to be dispersed to the four instruments which use

AO. Adapted from nso.edu . . . . . . ...
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2.1

2.2

An example of a witness samples from the DL-NIRSP instrument. Witness samples
are small optics that were present in the coating chamber when another optic of
interest was being coated. The left image shows these samples as they arrived in the
lab. Each is labeled with the name of the optic witnessed (mirrors 1, 1A, and 1B in
DL-NIRSP) and an identifying coating run number. The right image shows witness
sample DL-NIRSP-16BE16 mounted and ready for testing. . . . .. ... ... ...
The NSO Laboratory SpectroPolarimeter, NLSP, is a benchtop polarimeter that has
been used to take metrology measurements of DKIST coating samples. A collimated
beam of white light is fed into the polarimeter on the right-side of the image. The
beam then passes through a polarization state generator which consists of a rotating
calibration polarizer and a rotating calibration retarder. The polarizer and retarder
rotate incrementally against each other to generate different input Stokes vectors.
The beam then either reflects or refracts off of a sample and it sent into the mod-
ulator. The modulator is another rotating retarder that steps through a series of
rotation angles for each set of generated Stokes vectors. After being modulated, the
beam is split by the analyzer, a fixed wire grid polarizer at 45°, into the visible and
infrared spectrographs. The spectrographs run simultaneously and span a combined

wavelength range of 380 nm — 1650 nm. . . . . . . .. ...
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2.3

2.4

2.5

2.6

NLSP measurements and corresponding Berreman model fits. Left panel shows re-
tardance fits to an enhanced protected silver mirror used at the GREGOR solar
telescope along with some model fits using common coating formulas - Zinc Sulfide
(ZnS) over Aluminum Oxide (AlyO3) and Titanium Oxide (TiO2) of Magnesium
Flouride (MgF3). Right panel shows diattenuation measured with NLSP along with
diattenuation predictions for the retardance-fit Berreman models. Retardance-fit
only models do a very poor job of reproducing the observed diattenuation. Repro-
duced from Figure 18 of Harrington et al. (2019).'% Note: the “b” following Al O3
in the blue curve’s label refers to the refractive index equation derived by Boidin et
First model fit including diattenuation for an enhanced silver mirror used at the
GREGOR solar telescope. The black model curves use the same formulas for dielec-
tric layers as the blue curves in Figure 2.3. Overall, the addition of diattenuation has
resulted in a significantly better fit to the data, with a slight deviation in retardance
at long wavelengths. . . . . . . . . ..
Example refractive indices for ZnS and Al;O3, two common dielectrics used in mirror
coatings. Publicly available indices for a given material vary widely depending on the
source and measurement method, as shown here. The authors of each measurement
are listed in the legend labels of each curve 34649~ L.
Plotted are the results of 48 different combinations of the ZnS, Al,O3, and Ag dis-
persion relations, listed in Table 2.1 Berreman models were fit to retardance and
diattenuation measured with NLSP data from a GREGOR solar telescope mirror
witness sample. Retardance fits remained roughly the same over all material combi-
nations (left panel), with a few degrees of difference between models. Diattenuation
fits (right panel) varied widely with only half of the material combinations matching

the peak in the data at ~ 1050 nm. . . . . . . . . . . .. . .. ... ...
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2.7

2.8

2.9

2.10

2.11

Modeled thickness of the ZnS layer versus the thickness of the modeled AlyO3 layer
for the 64 combinations of materials listed in Table 2.1. There is an overall trend for
the total thickness of the dielectric layers to be constant (@ = 106.34 nm +5.31 nm)
with big variations in the thickness of any given layer. Ignoring models which use
the McCall et al.(2015)7 refractive index formula for silver, there is evidence that the

refractive index for the base metal contributes little to the thicknesses of the dielectric

Xix

layers as models using the same ZnS and AlsOg refractive indices are clumped together. 40

General refractive index curves for a two-term Cauchy equation with a constant B of
1.5 and varying C. The B coeflicient sets the y-intercept of the Cauchy equation. The
C coefficient controls the curvature of the dispersion curve, with higher C resulting
in a larger change in refractive index between wavelengths. . . . . .. ... ... ..
Example ranges of retardance and diattenuation curves for refractive index dispersion
curves set with a constant Cauchy B coefficient and a range of Cauchy C values. A
larger Cauchy C coeflicient shifts both the peak retardance and peak diattenuation
to longer wavelengths. . . . . . . . . . .. ...
Example ranges of retardance and diattenuation curves for refractive index dispersion
curves set with a constant Cauchy C coefficient and a range of Cauchy B values. A
larger Cauchy B coefficient increases the overall refractive index of the material.
Here we see a shift of peak values to longer wavelengths and increase in the peak
values of diattenuation. . . . . . .. .. L oL
Berreman model fit with the addition of Cauchy equations for an enhanced silver
mirror used at the GREGOR Solar Telescope. Compared to the tabular fit in Figure
2.4, retardance fit improved slightly in the infrared, however the diattenuation fit

worsened near the 1050 nm peak. . . . . . . . . ...



2.12

2.13

2.14

2.15

3.1

3.2

Refractive index curves obtained from Berreman model fit with the addition of
Cauchy equations for an enhanced silver mirror used at the GREGOR Solar Tele-
scope. The fits are plotted against select tabular refractive index dispersion curves
seen in Figure 2.5. The Layer 1 refractive index is not physical for a single layer of
material; the highest known natural refractive index at 400 nm is 2.65 for SiC. The
Layer 2 dielectric agrees best with the Boidin®® dispersion for amorphous AlyOs,
falling between the other curves. . . . . . . .. .. ... ... ... ... .....
Forward Berreman models of a IOI PAg-2 sample with and without a NiCr adhesion
layer are compared with data obtained with NLSP. These models were calculated
using publicly available refractive index data for which the inital aluminum oxide
layer thickness provided did not fit the data well (dotted line). Instead, we use a
thicker 470 nm layer of Al,O3 and all other values listed in Table 2.2. . . .. .. ..
The difference between the retardance and diattenuation curves for Berreman models
run with and without the presence of an adhesion layer. The systematic uncertainites
in NLSP measurements are ~0.2° retardance and at least of order ~0.2% in diat-
tenuation.'® Excluding very blue wavelengths, these modeled differences are washed
out by systematic errors and adhesion layers can be ignored. . . . . . . . ... .. ..
We attempted a three-parameter fit of a parabola to the real component of a metallic
refractive index, however were unable to obtain a suitable fit to either our data set
or the general behavior seen in published dispersion formulas for silver shown here.
We have not found a suitable polynomial to fit and are hesitant to go to higher order

polynomials. . . . . . . . L L e

DI and DoP for the HLP and VLP on the Poincare Sphere . . . . . ... ... ...
Our code successfully reproduces the DI and the average DoP map for a HLP and a
LP at 45° covering an aperture as compared to Figure 6.23 in the textbook Polarized

Light and Optical Systems.* . . . . . . . . . .



3.3

3.4

3.5

3.6

Shown here is the result of repeating Exercise 6.9 in Polarized Light and Optical
Systems* with a HQWLR and a VQWLR summed over the aperture rather than a
pair of polarizers. In the left plot, the average DI remains the same as the polarizers,
however, the average DoP of the set of retarders decreases with a much steeper overall
slope than the average DoP of the set of polarizers. . . . . . . ... ... .......
Overplotting the depolarization curves of Polarizers from the left side of Figure 3.1
with the curves of Retarders from the left side of Figure 3.3, it is easy to visualize the
differences in behavior. The Depolarization Index (DI) is identical for two oppositely
oriented linear polarizers and two opposite QWLR retarders. A change in behavior
is seen in the Degree of Polarization. The retarders saw a much more linear decrease
in average DoP compared to the parabolic nature of the polarizers. . . .. ... ..
Shown here is a near identical scenario to the aperture in Figure 3.3. The only
difference being that the QWLRs have both been rotated by 45°. The left plot
remains unchanged from the HQWLR and VQWLR as the relative phase between
the two retarders has not changed. However, in the plot of surface DoP on the
right, a phase shift has occurred. The average DoP across the surface is completely
polarized at 45° and 135° where Stokes U is preserved. And the surface is completely
unpolarized at 0° and 90°, indicating Stokes Q is completely blocked. . . . . . . . ..
Left: A mirror where one fraction («) of the aperture is coated with 5 nm ZnS
over 115 nm AlyO3 and the rest of the aperture (1 — «) is coated with 12 nm
ZnS over 100 nm of AlyO3 shows little depolarization (2 x 107%) across the average
aperture at it’s most non-uniform point (v = 0.5) An average DoP and DI near
1.0 both indicates the exiting beam is close to fully polarized. Right: A Degree of
Polarization surface plot for « = 0.5. The surface indicates how the exiting DoP is
changing for different incoming polarization states. The most depolarization occurs
when Stokes U = +1 or Stokes V= +1. At these points the exiting DoP =~0.9995

or a very slight depolarization. . . . . . . ... .. ... .. ... ... ... ...
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3.7

3.8

3.9

3.10

Model of a ZnS/Al;O3 mirror with non-uniform coating layers. Using DKIST mirror
thickness ranges as a guide, Zernike polynomials were used to form gradients in the
layer thicknesses. The left image shows the ZnS layer modeled as a Z3 defocus
Zernike with thicknesses ranging from 6 nm — 12 nm. The right image shows the
Aly03 layer modeled as a Z2 vertical astigmatism Zernike with thicknesses ranging
from 100 nm — 115 nm. . . . . . . . . . e e
Intensity, retardance, and diattenuation across the aperture of the mirror model
shown above at two different angle of incidences (AOI). At low AOI (top row, 15°),
small peak-to-valley variations are seen across the aperture in intensity (0.006, RMS
0.001) and diattenuation (0.012%, RMS 0.002) with much of the non-uniformity
around the aperture edges. Retardance across the aperture took on a lobe like
appearance but still showed low variation with a peak-to-valley variation of 0.2°(RMS
0.043°). At high AOI (bottom row, 70°), a larger change in retardance over the
aperture (18.55°peak-to-valley, RMS 3.34°) is seen however much of the variation is
again at the edges of the aperture. . . . . . . . .. . ... ... ... ... ... ...
Over the DoP surface there is very little change in polarization. At 15° AOI (left),
DoP varies in parts per million. At 70° AOI (right), DoP varies at the parts per
10,000 level for the same simulated mirror. . . . . . . . . ... ... ... ......
Model of a ZnS/Al;O3 mirror with very non-uniform coating layers. Zernike poly-
nomials were again used to form a gradient of layer thicknesses with the intent to
create an extreme range with structure on the aperture edges. The left image shows
a new ZnS layer modeled as a higher order polynomial sum of Z3, + Z%, (coma
+ quadrafoil) with thicknesses ranging from 25 nm — 109 nm. The image on the
right shows the Al;O3 layer modeled by the polynomial sum Z4, + Z (secondary
astigmatism and spherical aberrations) with thicknesses ranging from 3 nm — to 110

nm. The individual Zernike functions used are shown besides each aperture.
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Chapter 1

Introduction

In astronomy, in situ measurements, for the most part, cannot be made. With few exceptions,
such as finding meteorites, sending a return sample mission to space, or plunging a space probe into
the atmosphere of a planet, it is impossible to bring pieces of the Universe into an Earth laboratory.
Instead, we are left to infer the physical properties of a celestial object from the observables that
we can measure, specifically the intensity and wavelength of light.>* Through imaging, photom-
etry, spectroscopy, interferometry, polarimetry, and the myriad of other observational techniques
available to modern astronomers, we are able to squeeze as many physical inferences as possible
out of every single photon observed. However, the resulting models and theories can only be as
good as the data collected. And errors are lurking around everywhere, propagating through the
instrumentation and into the data.

This thesis seeks to improve current polarization calibration methods by providing more
realistic inputs to the system models being used in the calibrations. The following introductory
chapter will provide the reader with an abridged background in polarization (Section 1.1), how
it is measured (Section 1.2), and where polarization is found (Section 1.3). This chapter will also
introduce the reader to different types of optical coatings and how the manufacturing process affects
the resulting optic and its polarization (Section 1.4). Finally, the reader will be introduced to the
National Science Foundation’s Daniel K. Inouye Solar Telescope (DKIST) as the motivation for
this study in Section 1.6.

The Science chapters of this thesis will assess specific error sources on system modeling efforts



through the use of metrology and reassessing what can and cannot be ignored as polarimetry
reaches new levels of precision and accuracy requirements. Chapter 2 details the importance of
modeling the refractive index of an individual optical coating. Two optics manufactured with
identical coating formulas and deposition methods in the same coating chamber may have distinct
polarization properties. Chapter 3 explores the loss of polarization by an optic due to non-uniformly
applied coatings. Depolarization is often ignored in instrument system models and this chapter will
also analyze if it is acceptable for depolarization of mirrors to be omitted when there are many
sources of polarization error. Chapter 4 builds on Chapter 3 by incorporating more complexity.
Here we examine how multiple optics, angles, and rotations further impact instrument-induced
polarization. Chapter 5 rounds things out with a look at what implications there are for DKIST

and other telescopes, as well as future directions.

1.1 Polarization of Light

Polarization is a fundamental property of light that describes the direction of propagation of
the electric field vector of a transverse electromagnetic wave.* " If the orientation of the electric
field vector is in a single plane, with the field oscillating in a single direction, the light is linearly
polarized as in Figure 1.1. Similarly, if the amplitude of the electric field vector remains constant
but the direction of the vector is rotating at a constant rate about the axis of propagation, the light
is circularly polarized. If there is no correlation between the direction of the electric field vector over
time and it is randomly distributed about the axis of propagation, the light is unpolarized. Light
can also be in a superposition of polarized and unpolarized states which is described as partially

polarized.® "

1.1.1 The Polarization Ellipse

From the detection of electromagnetic energy and Maxwell’s equations, a tensor description of
the polarization of a monochromatic wave can be derived.*>"# Known as the coherency matrix (C)

or the polarization tensor, the tensor in Equation 1.1 characterizes both the energy and propagation



Figure 1.1: A transverse electromagnetic wave. The direction of wave propagation is perpendicular
to the oscillations of both the electric (green, striped) and magnetic fields (orange), which are also
perpendicular to each other. As the electric field vector is constrained to oscillate in a single plane
(vertically), this is an example of a linearly polarized wave.

properties of an electromagnetic wave.

E,E; E,E]

Q
M1l

(1.1)
E,E: E,E]

where E, and E, are orthogonal components of the electric field 2 and * denotes the complex
conjugate.
Using the plane wave solution of the homogeneous wave equation (E; = aje_i(“t_‘sj)), the
coherency matrix can be rewritten as:
a? axayei‘s

C— (1.2)

—id 2
Az aye ay

where a is the real component of the amplitude and

§=6,— 0, (1.3)
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O0<é<m/2 s=m/2 mw2<d<m a,=a, ;8=m/2
d=m n<d<3n/2 é=3m/2 3n2<6<2m a,=a,;6=3n/2

Figure 1.2: Examples of possible states for totally polarized radiation for different values of the
phase difference 6. When 4§ is equal to 0 or 7, the ellipse becomes a straight line and the radiation
is linearly polarized as shown in the first column. When the amplitudes of the intensity are equal
(az = ay), and 0 = 7/2 or 6 = 37/2, the ellipse becomes a circle and is circularly polarized as in
the last column. Reproduced from Fig. 2.3 of Introduction to Spectropolarimetry (del Toro Iniesta
2003).%

is the constant phase difference between the x and y components of the electric field vector.* 79

If we treat the electromagnetic wave components F, and E, as a superposition of two oscil-
lating waves, we can see that the diagonal elements of Equation 1.2 are proportional to the real
intensities of these waves. The sum, or trace, of the diagonal, T(C), is then the total intensity
of the electromagnetic wave and can be used to trace out an ellipse which is described by four
parameters; F,, E,, 0, ;. Furthermore, different orientations of the ellipse occur for different

phase differences () and the different signs of § as shown in Figure 1.2.4%8710

1.1.2 Describing the polarization properties of optics

The polarization properties of a given optical element can be characterized by three general

properties: diattenuation, retardance, and depolarization.



Figure 1.3: Diattenuation occurs when there is a change in amplitude of one component of the
electric field. Light propagates from left to right in the diagram and enters a polarizer with equal
amplitudes in the E, and E, planes. The light wave exits the polarizer with the same amplitude,
E’, = E;, on the horizontal axis, and with a smaller amplitude, E’;, on the vertical axis. In this
example, the new amplitude of E’, has been attenuated, while E’, has been preserved.

Diattenuation

Diattenuation occurs when the orthogonal amplitudes of the electric field components of a
light wave change unequally. It is used to indicate the strength of a diattenator optical element.
For example, a polarizer that only allows components of the electric field that are aligned with the
transmission axis to pass through the optic is a diattenuator. Figure 1.3 represents this pictorially:
as a transverse light wave propagates from left to right, it starts with equal amplitudes in the
E, and E, planes. As the wave passes through a polarizer, the amplitude of the E, component
decreases. However, the E, component remains unchanged.

Diattenuation, D, can be quantified using the maximum and minimum transmittance values

over all polarization states.*® It is defined as:

- TMax - TMm

D =
TMa:c + TMm

,0<D<1 (1.4)

with D = 1 being an ideal polarizer and D = 0 indicating that an optic transmits light with equal
attenuation independently of the incident polarization state.

In the real world, it is very difficult to manufacture an optic with zero diattenuation. It is
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Figure 1.4: Retardance occurs when there is a phase difference between the X and Y components
of the electric field. This transverse wave enters a retarder with its striped and solid components
in phase. The exiting wave is no longer in phase with the striped component lagging behind the
solid component. The optic has retarded the wave in the X plane.

possible to get very close to zero but not D = 0 (or very close to D = 1 but not exactly, for that
matter); however, almost all optics will have some diattenuation. A portion of Chapter 2 will look

at the impact of even a small amount of diattenuation.

Retardance

Retardance, 0, refers to a phase difference between the E, and E, components of the
electric field. An optic that changes the phase difference of a polarized wave is known as a retarder
as demonstrated in Figure 1.4. This is usually due to two different refractive indices, such as the
ordinary and extraordinary optical axes of a birefringent crystal. Regardless of the polarization
input state (i.e. the field does not need to be in phase), retardance is measured from the phase
difference between the input and output polarization state and is a property of the optic. Many
retarders are described in waves, radians, and degrees interchangeably. For example, a half-wave
linear retarder has a retardance of § = 7 radians or 180°. Similarly, a quarter-wave linear retarder

o

imparts 6 = 5 or 90° phase difference on any input polarization. This thesis will report all

retardance values in units of degrees.



Depolarization

The third descriptor used is depolarization, or the reduction of the Degree of Polarization
(DoP) of polarized light. Any randomization of the average polarization over an aperture is depo-

larization. DoP is defined as:

\/W
DoP(S) = & +SS2 5 ,0< DoP <1 (1.5)
0

where S is the incoming Stokes vector. A DoP of 1 indicates that the light is fully polarized;

likewise, a DoP of 0 is unpolarized light, and anything in between is partially polarized.

1.1.3 Stokes Vectors

As described in the previous section, the diagonal elements of the coherency matrix (Equation
1.2) represent the real amplitudes of the x and y components of the electric field. The off-diagonal
elements represent the complex spatial exponentials which are not directly observable. Because we
cannot measure the complex elements of the coherency matrix, we instead form a linear combination
of the real elements that can be measured.® These are the so-called Stokes parameters and are

given by:

I=k(a2+ afj)

Q = r(a; — ay)

U = 2kaza, cos d

V = 2kaza, sind
where k is a dimensional constant translating the parameters into intensity units. a;, a,, and ¢
represent the amplitudes and constant phase difference of the components of the electric field in

Equation 1.2.



Figure 1.5: The polarized elements of a Stokes vector. Q and U both represent linear polarization
while V describes the circular polarization. The squared sum of the elements sums to the total
intensity I in Equation 1.8

For easy computation, Stokes parameters are commonly arranged into a column matrix re-

ferred to as the Stokes vector:

-So_ a
s— |72 [¢ (1.7)
Sy U
_83_ _V_
and
I’>Q*+U*+Vv? (1.8)

where I is the overall intensity of the radiation, + Q (at 0° and 90°) and £U (at £45°) describe
the linear polarization and £V the circular polarization. For fully polarized light, Equation 1.8
becomes an equality statement while partially or unpolarized light is represented by the inequality
statement. Figure 1.5 pictorially shows the orientation of each parameter. In this form it is easy
to see how Stokes parameters are able to be measured as they are real quantities, directly related

to intensity.?*8 10,11

1.1.4 Mueller Matrices

The polarization state of light will almost always change from interactions with matter.®8
The 4x4 transfer matrix that describes the propagation of polarization through an optical element
is known as a Mueller matrix. Each matrix element describes how an input Stokes vector is changed

into a Stokes output vector and must satisfy the equation



Sout = Mz]Szn (19)

where M; is the Mueller Matrix:> 71213

II QI UI VI

IQ QR UQ V@
M, = : (1.10)

11U QU UU VU

v Qv UV VV

Every optical element can be described by a Mueller matrix, and each matrix element de-
scribes how an input Stokes vector is transferred into a Stokes output by the optic. For example,
using the notation of Equation 1.10, the QI term denotes how incoming linear polarization in the
Q direction is converted into intensity, I.

Experimental Mueller matrices can be further decomposed into separate terms for diattenua-

514 Diattenuation

tion, retardance, and depolarization terms with various decomposition schemes.
occurs when the orthogonal amplitudes of an optical beam change unequally. A polarizer that only
allows waves aligned with the transmission axis to pass through is an example of a diattenuator.
Retardance refers to the phase shift of one orthogonal state relative to the other, such as the shift
that could be caused by a quarter-wave plate.

To describe a single flat-fold mirror with a standard Mueller matrix, three quantities are
needed: the reflectivites perpendicular (R,) and parallel (R,) to the plane of incidence and the

phase change due to retardance (). We can then infer the transmission and diattenuation of the

mirror directly from the Mueller matrix as in Equation 1.11:
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Rs—R
1 RerRz 0 0
g 0 0
Rs+R
Mij = Ravg P (111)
RpRs RpRs
0 0 2% TG 2% IS
RpRs RpRs
0 0 —2% Sy 2% G

where R4,4, the average reflectivity of the mirror, is equivalent to the transmission. Assuming the
optic is oriented such that it is tilted in the @) plane, the Mueller matrix can be further approximated

as:

1 A 0 0
A1 0 0
M, ~ . (1.12)
0 0 C5 Sy
0 0 -85 Cs

The QI and IQ terms in the first row and in the first column are representative of diatten-
uation (A). Cs and Ss are used to denote cosd and sind, respectively, in the UV terms of the
lower 2 x 2 matrix within the Mueller matrix. In this form, retardance can be straightforwardly
computed as:

tan~1 YUY +tan~1 Uy
Savg = vV 5 uu (1.13)

1.2 Polarimetry

Polarization naturally occurs through a variety of different phenomena. Any interaction of a
light wave; scattering, reflection, transmission, etc., poses the possibility for the wave’s polarization
state to change. Examples range from the scattering of light in the daytime sky to the birefringence
of scarab beetles.>”'® Polarimetery refers to the measurement of such phenomena using polar-
ization elements to determine the retardance, diattenuation, and depolarization of a light wave.

Spectropolarimetry is “the measurement of light that has been analyzed both spectroscopically
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and polarimetrically”.® Spectropolarimetry utilizes the wavelength-dependent polarization state of
a light source to determine information about the source beyond what information the intensity
alone provides, such as constraints on the geometric structure of the source.'® For example, if
both unpolarized and linearly polarized light are detected from a star that also shows evidence of
circumstellar material, an observer may conclude that the excess material has somehow flattened
and a circumstellar disk exists. The material cannot be spherically distributed because it is emit-
ting linear polarization.'® Another example of spectropolarimetry at work is often used by those
studying the magnetic field of a stellar atmosphere. When the absorption spectrum of certain
atomic lines is examined, the presence, strength, and dynamical properties of a magnetic field can

be inferred.>® 10 This is possible due to the structure of atoms.

1.3 Polarization in the wild - the physics

In an astrophysical setting, most polarization changes are connected to the presence of an
external field, such as Zeeman splitting or the Hanle effect. The fine and hyperfine structures of
atoms due, respectively, to magnetic and nuclear magnetic dipole moments also produce polariza-
tion signatures of import in the study of astrophysical plasmas, as do any form of an anisotropy in

an atomic system.!”

1.3.1 Atomic Lines

Spectral lines have commonly been observed to be polarized in analysis of several astronomical
objects. In general, the line polarization signature shows variation along a line profile and may
or may not be accompanied by polarization of the continuum.'’ The description of polarization
stemming from phenomena of astrophysical interest requires a combination of a Stokes parameter
description of the radiation field as well as a description of how the atomic system interacts with
the radiation field. Much of this theoretical description can require the derivation of the density-
matrix elements which describe the coherence or phase interference between different magnetic

sublevels.? 1
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1.3.2 Zeeman Effect
In atomic physics, an external uniform magnetic field can be described as a perturbation to

the Hamiltonian of the system. The magnetic perturbation can be given by the equation:

e h - . - o

(L +25)- B = uo(L +29) B (1.14)

Hp = 4drmec
where L is the total orbital angular momentum, S is the total spin angular momentum of electrons,
and pg refers to the Bohr magneton.'® Much of the perturbation comes from the difference in the
strength of the internal L-S coupling of the orbital and spin angular momentum and the strength
of the external field.

The Zeeman effect refers to the splitting of a spectral line in the presence of a weak magnetic
field. It was first observed in a laboratory measurement by Pieter Zeeman in 1896 as a broadening
of Sodium D spectral lines. Had Zeeman’s spectrograph had more resolving power, he would have
observed the sodium D lines splitting rather than broadening.® This splitting was predicted by
Lorentz but would not be confirmed or fully explained until the advent of quantum mechanics.

This splitting of spectral lines occurs because the external magnetic field breaks the degen-

eracy of different energy states.

A=y = Ao — (Mygu — myg1) AXp (1.15)

Alp = 4.6686 x 10~ '°A2B (1.16)

As shown in Equation 1.15, the emitted wavelength is a combination of the unperturbed
wavelength, the angular momentum quantum number m, and the Landé g factor of the energy
states involved. We can then use Equation 1.16 and the Larmor frequency to solve for the strength
of the magnetic field B. In this equation. A\ is in units of milli-angstroms (mA) , \g in angstroms
(A), and B in Gauss (G).1°

The Zeeman effect manifests in the Stokes parameters of an observed spectral feature. For

very strong magnetic fields, Zeeman splitting may appear in the intensity spectrum directly, how-
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ever, it is often the case that it does not appear at a resolvable level. In these cases, polarization

measurements of the Stokes Q, U, V are required to differentiate the atomic energy levels.

1.4 Anatomy of a mirror coating

Most mirrors today are coated with thin films. Films are considered thin when the interference
between the film and substrate material can be detected coherently.!” Mirrors in your home are
most likely a sheet of glass with a thin layer of silver deposited on the backside, which is then,
maybe, protected with a layer of paint. This type of mirror, known as a secondary-surface-mirror,
is great for everyday uses as the glass protects the reflective surface from deteriorating. Although
easily manufactured and durable, secondary-surface mirrors are not ideal for high-precision optical
applications. Incident light first refracts off the exposed glass surface before reflecting off the
mirrored surface, as illustrated in Figure 1.6a. The light then refracts again as it exits the glass. At
each material interface, incident light loses intensity and gains possible aberrations. Ghost image
reflections and internal reflections will appear at the air-glass surface. In certain wavelength bands,
glass is absorptive and blocks part of the spectrum from propagating.” %19

Applications that require high image quality or precision measurements typically use first-
surface mirrors instead of secondary-surface mirrors. As shown in Figure 1.6b, incident light reflects
directly off the exposed coating surface. What this type of mirror gains in lack of distortions, they
lose in durability. First-surface metal coatings (e.g. aluminum, silver, gold, etc.) are often difficult
to adhere to a glass substrate, making them very easily damaged.'® These mirrors either need to
be re-coated often or protected from environmental factors. To achieve that, dielectric thin films
are deposited as a protective top coat and/or added as an adhesion layer between the metal and
the substrate in what is known as a protected coating or an enhanced coating. Dielectric thin films
tend to harden more than metallic thin films, making them more resistant than metal alone to
mechanical degradation (e.g. scratches) and the effects of the environment.!”

An example of a protected silver coating is depicted in Figure 1.7. One or more dielectrics

are layered over the metal with alternating high to low refractive indices. At a quarter-wave layer
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Figure 1.6: Mirrored surfaces can either be protected by a substrate as illustrated in a) or have the
coated surface exposed as illustrated in b). In both panels, the red arrows represent the path of
incident light. The exposed glass of a secondary surface mirror refracts the incoming light, adding
internal reflections, image ghosting, and other aberrations. For applications that require optical
precision, a first surface mirror is preferred as incident light is reflecting directly off of the coating.
In this type of design, the coated surface is exposed and light does not reach the glass substrate.
A first surface mirror is often desirable for technical applications that are sensitive to absorption
by the substrate or wavefront distortions, however some durability is sacrificed.
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Figure 1.7: Enhanced mirror coatings use various dielectric thin films to boost the performance
and durability of first-surface mirrors. Layers of alternating high- and low-refractive-index films
protect from environmental damage. A thin adhesive layer deposited before the reflective metal
helps the coating to better adhere to the substrate. Image not drawn to scale.

thickness, all reflections at layer interfaces will remain in phase and constructively combine at the
optical surface. The layers are also designed to be thin enough, a fraction of a wavelength, to
not compromise performance due to refraction as in the second-surface mirrors and even boost

reflectivity in some formulas when the reflections constructively combine.'®

1.4.1 Deposition methods

There are many different processes for depositing mirror coatings. The most commonly
used methods are electron beam evaporation (e-beam), ion assisted deposition (IAD), and ion
beam sputtering (IBS) which are illustrated in Figure 1.8. Each of these three methods has a
different effect on the final properties of the coating, such as density, thickness, durability, and
peak transmission wavelength, which in turn affects the coating’s polarization behavior. E-beam
dielectric coatings are manufactured by heating the coating material in a vacuum chamber until
it evaporates by bombarding it with electrons. The vaporized coating is then allowed to “waft”
towards the ceiling of the coating chamber, where the substrate material is held on a rotating
platform. The vaporized coating then recondenses as a film on the glass substrate. Many e-beam

coatings exhibit a columnar molecular structure similar to Figure 1.9a. This technique generally
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substrate(s) substrate(s) substrate(s) substrate(s) substrate(s) substrate(s)

& electron beam source

(a) E-Beam and (b) Ion Assisted (c) Ton Beam
Thermal Evaporation Deposition Sputtering

Figure 1.8: The most commonly used methods for manufacturing thin film coatings are: a) Electron
Beam Evaporation which heats a source material until it vaporizes and recondenses on the substrate
surface; b) Ton Assisted Deposition is similar to electron beam evaporation with the addition of a
high energy ion gun used to create denser coatings; c¢) Ion Beam Sputtering utilizes high energy
ions to free atoms from the target source rather than thermal heating. This results in a more
precise and uniform coating. Reproduced from https://www.reoinc.com®
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results in a highly porous and less durable coating that can have a high variability of thicknesses
between coating runs; meaning that the same coating chamber run on the same settings can produce
two non-identical coatings. KEven with these drawbacks, e-beam coatings are common because
they can span a wide spectrum of ultraviolet to infrared wavelengths and have a relatively low
manufacturing cost. 1720

Coatings manufactured with IAD undergo a process similar to that of e-beam coatings. The
coating material is vaporized and allowed to recondense on the substrate surface. As condensation
occurs, an ion beam is fired at the substrate to assist with packing of the coating. IAD results in
a higher density and more durable coating than what is achieved with only evaporation. Although
more durable, the process of ion packing also causes the coating to lose some of its birefringent
properties. Coatings that require birefringence are often first deposited with an e-beam method
and then sealed with a thin IAD coating for durability such as the one in Figure 1.9b.7-20

The most durable and stable of coatings are produced by ion sputtering methods such as IBS.
To deposit coatings in this way, a high-energy ion beam is fired at a target made of the coating
material. Momentum from the ion beam is transferred to the atoms of the target material that
sputter off and are deposited onto the substrate. IBS-produced coatings are very dense, highly
uniform, and amorphous in structure. These coatings also typically produce very little scattered
light. This is due to very precise deposition, which results in a very low surface roughness. Because
of these properties, IBS coatings are ideal for many uses including steep-edge filters, broad- and
multi-wavelength mirrors, and antireflection (AR) coatings. Unfortunately, IBS coatings can only
be produced with a small subset of materials, mainly metal oxides, which limits the techniques use

to a small subset of wavelengths in the optical regime.?’

1.5 Berreman Calculus

Berreman calculus is a mathematical formalism that is commonly used in the thin film indus-
try. Originally introduced by Teitler & Henvis (1970)! as a method of tracing light propagation and

reflection through a stratified, anisotropic medium, the technique was later expanded by Dwight
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(a) Columnar structure of cerium oxide (b) Fractured titanium oxide film with columnar
structure over coated with a layer of amorphous
silicon oxide

Figure 1.9: The molecular structure of a coating is dependent on deposition method, angle of
deposition, and environmental factors such as temperature and pressure. Columnar structures
grow from e-beam techniques as seen in a. Other methods, such as IAD and IBS, result in

amorphous coatings as in the top layer of b. Reproduced from McCall, Hodgkinson, and Wu,
Figures 1.2 and 7.87
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Berreman in 1972 as a way to calculate transmission and reflections of a continuously varying liquid
crystal.?? This section will explain the step-by-step process of using Berreman calculus to calculate
the properties of mirror coatings.

Berreman calculus uses a 4 x 4 matrix method to describe how the electromagnetic field
components of a transverse wave propagate through a medium. The method is similar to how a
Mueller matrix describes the propagation of a Stokes vector; however, what makes the Berreman
calculus different from other methods is how general a theory it is. Berreman calculus is capable
of following Maxwell’s equations through an arbitrarily polarized medium while handling multiple
internal reflections, forward and backward propagations, and complex configurations of multiple
birefringent layers.”?> Both phase and partially polarized or unpolarized fields are handled, which
is not true of other matrix techniques. Jones calculus, a 2 x 2 matrix method that describes how
an incident light vector will propagate through a sequence of optical elements, is only applicable to
fully polarized light propagating through an isotropic medium.*?? Mueller matrices, described in
Section 1.1.4, track fully polarized, partially polarized, and unpolarized light using Stokes vectors.
Unfortunately, Mueller matrices lose the phase information of the electromagnetic field.

In the Berreman formalism, Maxwell’s equations for electromagnetic fields are traced by a
4 x 4 transfer matrix through the stack of material being analyzed. Components of the electric E

and magnetic H fields form four basis vectors that make up the transfer matrix:

+ - + -
Eyl Ey Ey2 Ey

. HY H-, HI H_

P z1 z 22 22 (117)
B E, E5 E,
+ - + -
Hyl Hy Hy2 Hy

which is referred to as the field matrix.
Waves propagating through a biaxial medium will be the result of multiple reflections and

transmissions and can be described as a linear combination of basis vectors. Propagating waves
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are represented by a basis vector multiplied by a set of complex field coefficients, @, of the form:

ST
I

(1.18)

In order for the total field, m, to be conserved across layer interfaces, it must be related to
both the field matrix and coefficients. The total field can then be obtained as the field matrix

transforms the field coefficients into the total field by
Fi =m.

(1.19)

As waves propagate through a biaxial medium, they will most likely gain a phase difference

linearly with displacement. The motion can be described by a phase matrix, Ay of the form

exp|—id] ] 0 0 0
0 —ip] 0
A, = exp[—i¢y | 0 7 (1.20)
0 0 exp[—igy ] 0
0 0 0 exp[—i¢, |

where ¢ = kn cos 0% d, n is refractive index, 6 is angle of incidence, and d is physical thickness of
the layer.
Together, the field matrix, F , and the phase matrix, fld, can be used to compute the char-
acteristic matrix of the material
M = FA F™! (1.21)
which describes the transformation of the total field between two points in the same material layer.
The characteristic matrix is often used to calculate through an entire layer, from one interface to
the other, but can be used with any two points. When both interfaces are used to compute the char-

acteristic matrix, the many layers of a medium become multiplicative and the total characteristic

matrix can be determined by
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M = M MyMs....My (1.22)

We can then rearrange Equation 1.21 into an eigenvalue problem and solve for both F and

A,. The field matrix can then be used with Maxwell’s equations for plane, harmonic waves (e.g.

a = —zyH,/E.) to construct & as
—20F 41/ F31 0 0 0
0 —ZoF42/F32 0 0
& = (1.23)
0 0 —20Fy3/F33 0
0 0 0 —20F44/F34
With both F and &, we can determine the auxiliary matrix, Ii,
LF = Fa (1.24)
where
SR - nh e 0
Syy E%y _65& Eyz _ Exyxz 0
i/ — 20 Z0€zx Exx 20 Z0€zx (1 25)
0 0 0 —20
0— Eyz + Exyaxz Bexz /872 + Eiz _ Ezz 0

20 20€zx Exx 20 20€zx z20

which lets Snell’s law (8 = nsin#) and permittivity constants of the material be directly computed,
yielding the majority of a thin film’s parameters.
The final step of the Berreman calculus is to determine the physical thickness of each material

layer using the phase matrix, Ay

1.6 The Daniel K. Inouye Solar Telescope

The National Science Foundation’s (NSF) Daniel K. Inouye Solar Telescope (DKIST) com-

pleted construction on the summit of Haleakala, Maui, Hawai’i in late 2021. As the largest optical
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Figure 1.10: A cut-out drawing of the Daniel K. Inouye Solar Telescope (DKIST), a 4-meter, off-axis
Gregorian solar telescope. DKIST observes the Sun with state-of-the-art imaging and spectroscopy
instrumentation located in a rotating coudé laboratory. Diffraction-limited observations of the solar
surface can resolve features as small as 20 km at a wavelength of 500 nm. Adapted from nso.edu
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solar telescope in the world, DKIST is designed to provide high spatial-resolution spectroscopy and
imaging over a spectral range of 380 nm - 5000 nm, in order to study the fundamental nature of
the Sun’s magnetic field. With a 4.2 m, off-axis, f/2 primary mirror (4.0 m illuminated) and a
suite of spectropolarimetric and imaging instrumentation, DKIST delivers diffraction-limited res-
olution and sensitivity measurements of the Sun in order to study the origins of solar magnetism
at a spatial resolution similar to modern magnetohydrodynamic (MHD) simulations.?* Achiev-
ing a diffraction-limited resolution (0.026” at 500 nm) is critical to many of the science questions
DKIST seeks to answer, as is making reliable and well-calibrated polarimetry measurements.?%25
A full description of the DKIST observatory and its science goals can be found in the Observatory
Overview and Critical Science Plan.?*26

DKIST is an example of a complex, many-optic, articulated system. There are 11 facility
mirrors that deliver sunlight to five first-light instruments and the wavefront correction system
(Figure 1.10). The first six facility mirrors, M1 - M6, comprise a Gregorian telescope (M1 and
M2) and the altitude (M3 and M4) and azimuth (M5 and M6) rotation axes. M6 relays the beam
down to a climate controlled, instrument laboratory on a rotating coudé floor (Figure 1.11). M7
then levels the beam to be parallel with the floor followed by mirrors M8 and M9 collimating and
positioning the beam. After M9, a small pick-off mirror, M9a, can be inserted into the beam,
directing all observed wavelengths into the Cryogenic Near-Infrared Spectropolarimeter (Cryo-
NIRSP).?" Up until this point, DKIST’s entire beam path is made up of reflective optics, allowing
Cryo-NIRSP and any future instruments to observe at longer wavelengths than refractive optics
allow. When M9a is not placed in the beam, light is relayed to the deformable mirror (DM or
M10) used by the adaptive optics system. A corrected beam is then sent to the Facility Instrument
Distribution Optics (FIDO), which is a light distribution system consisting of a series of dichroic
beamsplitters and windows.?® FIDO relays a split beam to the remaining instruments; the Visible
Broadband Imager (VBI), the Visible Spectro-Polarimeter (ViSP), the Diffraction-Limited Near

Infrared Spectro-Polarimeter (DL-NIRSP), and soon the, not yet installed, Visible Tunable Filter

(VTF). Detailed descriptions of the four first-light instruments and telescope support facilities can
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Figure 1.11: A rotating coudé floor houses mirrors M7 - M10 and DKIST’s five first-light instru-
ments: VBI, ViSP, DL-NIRSP, Cryo-NIRSP, and VTF. Light comes from the telescope above and
is leveled and collimated by mirrors M7 - M9. M10 is the deformable mirror (DM) and is part of
the adaptive optics (AO) system. From the DM, light is directed into FIDO to be dispersed to the
four instruments which use AO. Adapted from nso.edu

be found in a special issue of Solar Physics.?%2729-32

1.6.1 Polarization requirements

DKIST has been tasked with providing high-resolution, highly precise data to the solar
community for the coming decades. The Sun is the most highly resolved star we can observe
from Earth, and it provides us with a natural laboratory to study the fundamental properties of
astrophysical plasmas. Understanding how small-scale structures of the Sun’s magnetic field affect
the physics of large-scale dynamics is a major science driver of DKIST. Other goals include gaining
a better understanding of coronal-heating mechanisms and long-term dynamics of the solar cycle.
Many science cases, including the ones above, have been laid out by the solar community in the

Science Requirements Document and the Critical Science Plan.?%:33 Most require some combination
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of high accuracy, high spectral resolving power, wide fields, and fast temporal cadences.

Many of the science questions DKIST will address rely on spectropolarimetric data. Science
results are then only as accurate as the polarimetry measurements, constraining DKIST to very
demanding polarimetry requirements — sensitivity levels to fractional polarization of 1 x 10~° above
background and an absolute error in the measured fractional polarization of 5x1074.24:33 To achieve
accurate polarimetric measurements, all potential errors must be mitigated or calibrated to levels
below the required error threshold. Thus, DKIST has undergone multiple calibration campaigns
in order to understand and minimize the causes of polarization error by creating a full polarization

system model. 2 13,25,28,34-39

1.6.2 Current DKIST Polarization Calibration System Model

The current polarization calibration system model for DKIST can be found in Harrington et
al. (2023).25 Tt provides a polarization model for the entire wavelength bandpass, 380 nm to 5000
nm, covered by DKIST as well as all combinations of azimuth-elevation-coudé table angle pointings.
The model consists of a sequence of polarization calibrations done at different pointings combined
with a database of mirror polarization responses to derive a modulation matrix. A modulation
matrix is an n x 4 transfer matrix with entries of the four components of the Stokes vector from the
n modulation states. For DKIST, the modulation matrix includes everything on the coudé floor
from mirror M7 to the instrument. The modulation matrix is multiplied by an incoming Stokes
vector to obtain a column vector of the measured intensities, Ieasured.2”>? This modulation matrix

was then used as a representation of an optimal system modulation matrix, O¢,ye, yielding:

Imeasured = OtrueStrue- (126)

The Stokes vector that was measured, Sy easured, during the calibration sequence is then the

product of a demodulation matrix, Dg that has been fit for using a characterization of telescope
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optics, and the measured intensities:

Smeasured = Dﬁt Imeasured . (127)

Assuming the system errors are represented by the difference between the measured Stokes

vector and the true Stokes vector, the error matrix, €;;, can be derived as:

AS = Smeasured - Strue

= DﬁtImeasured - Strue
= DﬁtotrueStrue - Strue

= (Dﬁtotrue - 1ij)Strue

= €5 Strue

where 1;; is the identity matrix.

L€y = DﬁtOtme — ]-ij (1.28)

Using this concept and a similar approach as that used on Hinode,*® DKIST has specified its

error matrix as:

102 1072 1072 1072
5x107% 1072 5x 1073 5x 1073

€ij = . (1.29)
5x107% 5x 1073 102 5x 1073

5x107% 5x1073% 5x107% 1072

Each element in the error matrix corresponds to an element of a Mueller matrix and represents
the maximum uncertainty for that element. We can read this as a tolerance of 1% uncertainty
in depolarization from the diagonal and I1, QI, UI, VI terms (top row), 0.05% uncertainty in

polarizance (first column), and a tolerance of 0.5% in the off-diagonal rotational terms.
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1.6.3 Motivation: What DKIST (and others) left out

Polarization allows physical properties, such as the magnetic field strength, of an object to be
inferred from observations without in situ measurements. Instrument performance predictions are,
however, generally limited to predicting system polarization as functions of field of view, wavelength,
and configuration.'?

We note that this DKIST model, in addition to every other telescope model that we are

aware of, does not include mirror depolarization in the system model. We aim to show here an

upper limit to the error caused by ignoring depolarization caused by mirror-coating nonuniformity.



Chapter 2

Modeling the Polarization Behavior of Dielectric Mirror Coatings

This chapter is adapted from a proceeding paper*! presented at the SPIE Astronomical Telescopes

+ Instrumentation 2022 meeting. A manuscript is being prepared for submission to JATIS.

System-level modeling of polarization performance at large astronomical telescopes has lagged
behind other fields like adaptive optics and interferometry and must be addressed as science require-
ments of new facilities drive stringent limits on polarization accuracy. This is especially true for
powered optics with a large variation of incidence angles across an aperture.'> A powered optic is
any optic that causes the outgoing beam to converge or diverge, hence changing the optical power.
In the case of DKIST, there are four powered mirrors in the main telescope: M1, M2, M4 and MS.
To accurately model mirrors and the induced system polarization, a coating model specific to each
individual optic is required. This can be difficult to achieve, as coating formulas are often propri-
etary and variability in the deposition conditions can have large effects on coating behavior. Using
standard coating formulas designed for reflectivity optimization may not be optimized for diatten-
uation and retardance as well, which are more important for polarization performance calculations
to match than overall reflectivity.!> 13 As shown below, when the retardance and diattenuation of
each individual mirror in a system are fitted for and the effective refractive index of the surface is

modeled from basic physics, a more accurate determination of system performance can be made.


https://doi.org/10.1117/12.2630710
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2.1 Measuring mirror samples

In order to model a realistic system, we must first have a realistic understanding of each
component of the system individually. To achieve this, witness samples from all optical surfaces on
DKIST that contribute to the modulation matrix described in Section 1.6.2 were measured with
a Mueller matrix spectropolarimeter. A witness sample is a small optic that was present in the
coating chamber when another optic of interest was being coated. Because they are small (usually
17-2” in diameter), witness samples are easy to test and characterize compared to a large 0.5+ m
optic. Samples spread around the coating chamber can also be used as a test of coating uniformity.
The list of measured optics includes all ten facility mirrors, the calibration optics located at the
Gregorian focus, all windows and beam splitters that make up FIDO, and steering mirrors for the
instruments. This chapter will focus solely on mirrors; however, the details for all optics can be
found in a series of papers titled Polarization modeling and predictions for Daniel K. Inouye Solar

Telescope, Parts 1-9.12:13,28,34-39

2.2 Applying Berreman models fits to NSO Laboratory Spectropolarimeter
Data

The majority of the data presented in this chapter has been obtained with the NSO Labora-
tory Spectropolarimeter (NLSP; Figure 2.2), a custom-built benchtop polarimeter used for metrol-
ogy measurements of polarization optics. NLSP measures the Mueller matrix of a sample with a
polarization state generator followed by a full Stokes polarimeter. The polarization state generator
consists of a fiber-coupled, collimated light source that provides a circular beam to a rotating wire
grid polarizer and a rotating crystal, third-wave, linear retarder. The calibration polarizer and
calibration retarder rotate against each other through a series of nine orientations. This allows the
generation of different polarization states to be sent to the sample. A rotating stage holding the
sample to be measured follows the state generator in the beam path. Depending on the experimen-

tal setup, light is then sent to either the transmissive or reflective arm of NLSP. The transmissive
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Figure 2.1: An example of a witness samples from the DL-NIRSP instrument. Witness samples
are small optics that were present in the coating chamber when another optic of interest was being
coated. The left image shows these samples as they arrived in the lab. Each is labeled with the
name of the optic witnessed (mirrors 1, 1A, and 1B in DL-NIRSP) and an identifying coating run
number. The right image shows witness sample DL-NIRSP-16BE16 mounted and ready for testing.
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arm extends laterally from the sample, whereas the reflective arm of NLSP is positioned perpen-
dicular to both the light source and the transmissive arm. Currently, the reflective arm can only
be used at an angle of incidence of 45° on the sample.

Light then enters a rotating crystal, third-wave, linear modulator followed by a fixed analyzer.
The modulator rotates once for each complete sequence of generated polarization states. It steps
through six angles for a total of 54 measurements. The analyzer is a wire grid polarizer that doubles
as a beam splitter, directing the beam through a set of fibers into both a visible and near-infrared
spectrograph. The visible spectrograph covers a wavelength range of 380 nm — 1200 nm, while the
infrared spectrograph covers wavelengths of 900 nm — 1650 nm. Although there are separate sets
of nearly identical optics for each, both the transmissive and reflective arms of NLSP use the same
set of spectrographs as detectors.

From NLSP data, a coating formula prescription for the optic is fit. The data are reduced in
Mathematica to obtain an observed Mueller matrix, which is then fit with the Berreman calculus as
described in Section 1.5, using a Python package transcribed from the MATLAB package outlined
in McCall et al. (2015).” Our previous work achieved fitting of the data through a brute-force
parameter search. Harrington et al. (2019)'3 used a grid search of common coating materials and
thicknesses to fit the retardance of DKIST witness samples. The mirror to be fit is assumed to have
two layers of dielectric over a silver metal layer and to be suspended in air (e.g. the glass substrate is
ignored). Properties of dielectrics and silver metal are determined using publicly available refractive
index data from individual sources found on the website RefractiveIndex.INF0.%?

Following Equations 1.17 - 1.25, Berreman models for many different thicknesses of different
materials were calculated systematically to obtain the theoretical reflected and transmitted Mueller
matrices of many different coatings at all wavelengths in the NLSP bandpass. The retardance of
each model was then calculated using Equation 1.13 and compared to the experimental retardance
obtained from the measurements of the witness sample. The fit error is found by differencing the
two curves as err = (|Rperreman — RNLsP|), and using the smallest residual as the best fit model.

Unsurprisingly, the fits obtained by Harrington et al. (2019)'® matched the NLSP measure-
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Figure 2.2: The NSO Laboratory SpectroPolarimeter, NLSP, is a benchtop polarimeter that has
been used to take metrology measurements of DKIST coating samples. A collimated beam of
white light is fed into the polarimeter on the right-side of the image. The beam then passes
through a polarization state generator which consists of a rotating calibration polarizer and a
rotating calibration retarder. The polarizer and retarder rotate incrementally against each other to
generate different input Stokes vectors. The beam then either reflects or refracts off of a sample and
it sent into the modulator. The modulator is another rotating retarder that steps through a series
of rotation angles for each set of generated Stokes vectors. After being modulated, the beam is split
by the analyzer, a fixed wire grid polarizer at 45°, into the visible and infrared spectrographs. The
spectrographs run simultaneously and span a combined wavelength range of 380 nm — 1650 nm.
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Figure 2.3: NLSP measurements and corresponding Berreman model fits. Left panel shows re-
tardance fits to an enhanced protected silver mirror used at the GREGOR solar telescope along
with some model fits using common coating formulas - Zinc Sulfide (ZnS) over Aluminum Oxide
(AlxO3) and Titanium Oxide (TiO2) of Magnesium Flouride (MgFs). Right panel shows diatten-
uation measured with NLSP along with diattenuation predictions for the retardance-fit Berreman
models. Retardance-fit only models do a very poor job of reproducing the observed diattenuation.
Reproduced from Figure 18 of Harrington et al. (2019).%°

Note: the “b” following Als Os in the blue curve’s label refers to the refractive index equation derived
by Boidin et al.4®
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ments fairly well and are reproduced here on the left side of Figure 2.3. However, by overplotting
the modeled diattenuation predictions from the fits onto the observed NLSP data, as shown on the
right side of Figure 2.3, it becomes fairly obvious that a retardance only model is not sufficient to
fully reproduce observations from witness samples. Given that diattenuation is predominantly ex-
pressed by the QI and IQ terms and retardance is generally coded into the terms of the lower 3 x 3
matrix within the Mueller Matrix (see Equation 1.11), much of the information provided by the
Mueller matrix is not accounted for unless both retardance and diattenuation are simultaneously

constrained.

2.2.1 Optimizing for diattenuation

This chapter expands on Harrington et al. (2019)'% by adding diattenuation to all model
fits and also optimizing the code to expand its capabilities. The previous brute-force grid search
used only two parameters to find the best-fit retardance: the thickness of layer 1 and the thickness
of layer 2. Although simple to run, there is not much room to add complexity to the brute-force
model without also exponentially increasing computational time.

The differential_evolution() algorithm from Python’s scipy.optimize package was cho-

4 is a minimization method designed to find

sen for our code optimization. Differential Evolution®
the global minimum of a given problem by stochastically sampling the solution while still utilizing
a direct search method. By stochastically selecting areas to test, Differential Evolution is able to
handle non-differentiable functions unlike the gradient-based searches of many other optimizers,
and it is able to avoid falling into local minima. Other benefits of Differential Evolution include
its easy implementation for any number of parameters, its presence as a standard algorithm in
scipy.optimize, and it is quick to convergence compared to other optimizers.% 4

For retardance-only fits, Differential Evolution significantly reduced the computation time to
fit a two-layer coating formula to the NLSP data. Run-times dropped to approximately 15 minutes

from 24 hours, and the optimizer reproduced the results of our previously run brute-force searches.

Optimization also allowed for increased complexity. A new error metric was introduced to account
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Figure 2.4: First model fit including diattenuation for an enhanced silver mirror used at the GRE-
GOR solar telescope. The black model curves use the same formulas for dielectric layers as the blue
curves in Figure 2.3. Overall, the addition of diattenuation has resulted in a significantly better fit
to the data, with a slight deviation in retardance at long wavelengths.

for both retardance and diattenuation in the model fits. The expression now minimized by the

Differential Evvolution fitter is of the form:

err — <’RBerreman - RNLSP|> + <|DBerreman - DNLSPD (21)

where retardance (R) is still calculated with Equation 1.13 and diattenuation (D) is given by
D = QI/II x 100%. Here, the QI term of the Mueller matrix has been normalized by the IT
intensity element in order to remove the influence of transmission effects.

Adding diattenuation to our model fits resulted in a significant improvement in replicating
the observed diattenuation data and slightly worse fit to retardance in the infrared. A newly
optimized retardance + diattenuation model is shown in Figure 2.4. It was run on the same data
set presented in Figure 2.3 and assumes a coating formula of ZnS over AlyO3, which correlates to
the blue curves in Figure 2.3. The data curves are identical in both figures. In Figure 2.4, the black

curves represent the fit of the model to NLSP data of a mirror witness sample on loan from the
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Figure 2.5: Example refractive indices for ZnS and AlyOs3, two common dielectrics used in mirror
coatings. Publicly available indices for a given material vary widely depending on the source and
measurement method, as shown here. The authors of each measurement are listed in the legend
labels of each curve.4346-49

GREGOR telescope. The pink curves are the residual difference ‘Data - Fit.” The retardance fit has
remained about the same and is consistent with the data at most wavelengths; it is a slightly worse
fit in the infrared with a 1° residual. The diattenuation fit, however, improved significantly and
now follows the shape of the data. The predicted thicknesses of each dielectric layer also changed
slightly, with values changing from 47 nm of ZnS over 60 nm of AlsO3 to 51.5 nm of ZnS over
52.7 nm of Al,O3. This represents a 2.8 nm change to the total dielectric thickness, and will be

discussed in further detail in Section 2.3.

2.3 Refractive Index Concerns

In our previous work,'? 133741 the refractive index of each dielectric layer was obtained
from publicly available data. This became problematic for several reasons: refractive index data
varies widely, even for the same material, depending upon factors such as the source of the data
(e.g. how many wavelengths were measured, what technique was used), the material structure
(e.g. crystalline vs. amorphous), and the deposition method (see Section 1.4.1). An example
of the variety of publicly available refractive index dispersion curves for zinc sulfide (ZnS) and

aluminum oxide (AlyO3) are shown in Figure 2.5. Some sources of data agree fairly well, such as
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ZnS curves from Debenham (1984)%6 and the Zemax materials catalog (Figure 2.5, left panel; blue
and green curves), while others report just one or two points and extrapolate for all wavelengths,
as the Thin Film Calculator software (TFCalc)*" has with its ZnS dispersion curve (Figure 2.5, left
panel, red curve). For other materials, such as AlyOg, sources do not agree and a wide range of
refractive indices have been published (Figure 2.5, right panel). However, all of the AloO3 curves
are situationally correct. AlsOg has many forms ranging from precious gemstones in its crystalline
form and ceramic insulators in its amorphous form. It is possible to find a material source that
was measured under conditions similar to those of your coating of interest; however, doing so can
be time consuming. With this in mind, it is much easier to fit an accurate refractive index for a
particular coating sample.

These differences in refractive index data become more apparent in our Berreman-model fits.
64 models were run using different combinations of the ZnS, AloOgs, and Ag dispersion relations
listed in Table 2.1. Figure 2.6 illustrates the results of these combinations. Each combination
was fit to the same retardance and diattenuation data taken with NLSP of a GREGOR solar
telescope mirror witness sample. Retardance fits remained roughly the same over all material
combinations (left panel), with only a few degrees of difference between models. On the other
hand, the diattenuation fits (right panel) varied widely, and only half of the material combinations
coincided with the peak in the data at ~1050 nm. Of the models that “matched” the peak, there
is a wide spread of 0.4% diattenuation in the height of the peak, which is approximately 35%
of the total peak. Furthermore, none of the material combinations reproduced the diattenuation
behavior observed in the ultraviolet or near-infrared. From this plot, it is apparent that fits using
a tabular index of refraction data would not provide accurate enough models for use in the DKIST
polarization calibration. We would either need vendors to reveal their mirror formulas (and we
thank Vendors 1 and 2 for providing their proprietary data for this work) or to generalize our fits
further.

The plot of the thickness of the modeled ZnS layer versus the thickness of the modeled

Al O3 layer (Figure 2.7) reveals further differences caused by various combinations of refractive
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ZnS Al,O3 Ag

Debenham (1984)%6 T Malitson & Dodge (1972)* T McCall et al. (2015)7 1

TFCalc*” Boidin et al. (2016)%3 T TFCalc?”
Zemax Elmore ¥ Vendor 1 ¥
NZnS. i Zemax Vendor 2 ¥

Table 2.1: Sources of refractive index data that went into the 64 model combinations used to
produce Figures 2.6 and 2.7. nzyg,,,, is the Debenham dispersion — 0.1 at every wavelength.
"Data file obtained from refractiveindex.info;*? T Only plotted in Figure 2.7;

tPrivate communication

indexes. There is an overall trend for the total thickness of the dielectric layers to be constant
(= 106.34 nm + 5.31 nm) with large variations in the thickness of any given layer. A lower
refractive index in the first dielectric layer resulted in a thicker second AloOs3 layer but still an
overall thickness for the two dielectric layers of ~106 nm. This trend appears to hold for large
changes in the refractive index. A hypothetical refractive index curve, nzus_ ., was generated by
subtracting 0.1 from the dispersion curve presented in Debenham (1984)%6 at all wavelengths to see

how the total dielectric thickness would change. Models using nz,g = nyzys — 0.1 are plotted as

shift
horizontally half-filled points, and form a line with a slope similar to that of other combinations,
but with a constant total thickness of ~111 nm.

Ignoring models that use the McCall et al.(2015)" refractive index formula for Ag (circular
points), Figure 2.7 also indicates that the refractive index for the base metal contributes little to
the thicknesses of the dielectric layers as models that use the same refractive indices for ZnS and
Al;,Og3 but different Ag are clumped together. The Ag from McCall et al. is highly extrapolated in
the infrared, which may contribute to those combinations appearing as outliers. It is more likely

that the metallic layer is a driver of diattenuation; models which used the same Ag refractive index

curves tended to peak at similar diattenuation levels in Figure 2.6.
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2.3.1 Cauchy Equations

Understanding how refractive index effects layer thickness, retardance, and diattenuation
does not fully solve the problem of finding a appropriate dispersion curve to use when fitting
coating data. To some degree, it doesn’t really matter what the coating is (...for modeling an
existing coating. What material used is still very important for coating design!) What matters is
the effective refractive index of the optic being modeled at every wavelength. In order to generalize
our fitting code, we have added the option of fitting a Cauchy equation to an unspecified material
instead of relying on available refractive index data.

In 1836, Augustin-Louis Cauchy defined an empirical relationship between refractive index of
a transparent material and the wavelength of light. The first successful empirical dispersion relation,
Cauchy equations fit experimental data well, assuming the material has no optical absorption, at
visible wavelengths with deviations in the ultraviolet and infrared regimes.”® Even with these
limitation, we opted to use a Cauchy equation in our fits due to the relations simplicity and ease of
implementation, especially compared to other dispersion equations such as the Sellmeier equation.

Cauchy equations have the form:

C

D
wtyate (2.2)

n(A) =B+ Y

_l’_

where A is typically in gm and the coefficients take on values such that B > 1> C > D.

We use a two term equation with coefficients B and C. The B coefficient is a dimensionless
number that essentially sets the y-intercept of n. C has units of um? and controls the curvature of
the refractive index curve (See Figure 2.8). With the addition of Cauchy equations, the number of
parameters in our models has tripled. Each dielectric layer is now fit for thickness, Cauchy B, and
Cauchy C, bringing the total number of parameters used in fitting a two-layer mirror up to six. We
have imposed several bounds on the Cauchy coefficients to force a physical solution. B values are
permitted to range from 0 — 3 while C values range from 0 ym? — 1 ym?. Additionally, the average

value of the refractive index is required to satisfy 1 < n(A) < 2.5 to further insure physicality and
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Refractive index for Cauchy B = 1.5, varying Cauchy C
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Figure 2.8: General refractive index curves for a two-term Cauchy equation with a constant B of
1.5 and varying C. The B coefficient sets the y-intercept of the Cauchy equation. The C coefficient
controls the curvature of the dispersion curve, with higher C resulting in a larger change in refractive
index between wavelengths.

to protect from singular matrices appearing in the characteristic matrix evaluation of the Berreman

calculus.

2.3.1.1 Model sensitivity to Cauchy variables

As noted in Figure 2.8, the Cauchy C coefficient controls the shape and curvature of the
refractive index curve. This influences both the retardance and diattenuation of a material as a
shifting of the peak retardance and peak diattenuation as on the left side of Figure 2.9. For thicker
layers of dielectric with multiple peaks of retardance, a high value of Cauchy C also affects the
number of retardance and diattenuation peaks as well as their location. For example, in the right

panel of Figure 2.9, a Cauchy C value of 0.1 um? results in an additional third peak in retardance
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and a slight shift of the peaks to longer wavelength compared to the other values explored here,
each of which has two peak retardance values. There is also a third peak in diattenuation for
Cauchy C values of 0.05 ym? and 0.1 ym?.

Similar behavior is observed when the Cauchy B coefficient is varied and the Cauchy C
coefficient is held constant for a given layer thickness. Cauchy B is analogous to the y-intercept
of a straight line and sets the lowest possible value of the refractive index when Cauchy C = 0.
Using Snell’s Law, as the refractive index of the dielectric layer increases with increasing B, the
angle of refraction decreases. The speed at which light travels in the medium also slows. This leads
to peak retardance and diattenuation values shifting to longer wavelengths. A large B values, the
peak value of diattenuation also increases, there is almost a 3% difference between B = 1 and B =

3 as in Figure 2.10.
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Figure 2.9: Example ranges of retardance and diattenuation curves for refractive index dispersion curves set with a constant Cauchy B
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Varying Cauchy B with Constant Cauchy C = 0.01um?
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Figure 2.10: Example ranges of retardance and diattenuation curves for refractive index dispersion curves set with a constant Cauchy C
coefficient and a range of Cauchy B values. A larger Cauchy B coefficient increases the overall refractive index of the material. Here we
see a shift of peak values to longer wavelengths and increase in the peak values of diattenuation.
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Figure 2.11: Berreman model fit with the addition of Cauchy equations for an enhanced silver mirror
used at the GREGOR Solar Telescope. Compared to the tabular fit in Figure 2.4, retardance fit
improved slightly in the infrared, however the diattenuation fit worsened near the 1050 nm peak.

24 Fitting Cauchy dispersions to NLSP data

With the addition of Cauchy fits, models of the GREGOR mirror sample slightly improved
the retardance fit at infrared wavelengths, while the diattenuation fit degraded around 1050 nm
(Figure 2.11). Looking at the fit refractive index curves for each of the two dielectric layers (Figure
2.12), results are mixed. The top layer was found to have a high refractive index, potentially a higher
index than the ZnS guess used in previous analysis. This result is a little unexpected because the
model fit indicates that the refractive index of the top dielectric is close to n = 2.9 at 400 nm which
is not realistic. Silicon Carbide (SiC) exhibits one of the highest known refractive indices with n =
2.65 at 400 nm.>! One possible explanation for this is that the coating actually contains three or
more dielectric layers instead of the modeled two; the effective refractive index of multiple materials
could be higher than the refractive index of any of the individual materials. Another possibility is
a need to refine the boundaries of the Differential Evolution algorithm and reassess how a physical

refractive index curve should be defined. Currently, the average n over all wavelengths is used to
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Figure 2.12: Refractive index curves obtained from Berreman model fit with the addition of Cauchy
equations for an enhanced silver mirror used at the GREGOR Solar Telescope. The fits are plotted
against select tabular refractive index dispersion curves seen in Figure 2.5. The Layer 1 refractive
index is not physical for a single layer of material; the highest known natural refractive index at 400
nm is 2.65 for SiC. The Layer 2 dielectric agrees best with the Boidin®® dispersion for amorphous
Al O3, falling between the other curves.

check the boundary conditions, but it may be more appropriate to set a maximum n value for short
wavelengths. The fit of the second dielectric layer model is in good agreement with the public data

for amorphous Al;Oj3, falling between the other curves and maintains an appropriate shape.

2.5 Single Layer Samples

To simplify our models, we obtained mirror samples of known single-layer dielectric coatings
from Infinite Optics Inc (IOI) as well as purchased standard off-the-shelf, protected silver mirrors
from ThorLabs and Edmund Optics with unknown proprietary coatings. The goal of acquiring
these single-layer samples was to further explore our fits in a known parameter space to limit the
number of parameters in an unknown sample. From 101, we purchased a total of six 1-inch round

samples of two different coating formulas: three are samples of the PAgl-350 which is SiOs over
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PAg1-350 PAg2-350

Si0Oy 119 nm | AlbO3 341 nm
TagO5 2 nm Ag 65 nm
Ag 180 nm | NiCr 15 nm
NiCr 15 nm | Glass Substrate

Glass Substrate

Table 2.2: Nominal formulas and layer thicknesses for the single-layer coating samples as provided
by Infinite Optics

silver with two adhesion layers(tantalum pentoxide; TasOj, and nickel-chromium; NiCr), and three
are samples of PAg2-350, the formula for which is AloOg over silver with a single nickel chromium
adhesion layer. The nominal formulas and layer thicknesses supplied by IOI for these coatings are

given in Table 2.2.

2.5.1 Ignoring Adhesion Layers

To explore the known parameter space, the first thing we looked at was the effect, if any, of
the adhesion layers on the overall properties of a coating. Silver and in general most metals do not
bond well directly to glass and consequently very few, if any, mirrors are actually a single layer of
dielectric over metal.!” A protective silver coating will often employ a thin nickel chromium (NiCr)
adhesive layer between the metal layer and the glass substrate, as demonstrated by the formulas
of the IOI samples listed in Table 2.2.

To limit the number of parameters used, it is much simpler to ignore any adhesive layers and
model only the primary metal and dielectric layers. Using the Berreman calculus and the formulas
provided by IOI, we assessed the impact of adhesion layers on the final retardance and diattenuation
of our samples. Figure 2.13 shows the retardance and diattenuation of sample 9409-1, one of the 101
PAg2-350 samples, from reflective data obtained with NLSP. Also plotted are a Berreman forward

model using the full IOI formula and a Berreman model that excludes the NiCr adhesion layer. We
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Berreman Forward Models with 470nm Al,O; layer
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Figure 2.13: Forward Berreman models of a IOl PAg-2 sample with and without a NiCr adhesion
layer are compared with data obtained with NLSP. These models were calculated using publicly
available refractive index data for which the inital aluminum oxide layer thickness provided did not
fit the data well (dotted line). Instead, we use a thicker 470 nm layer of AloO3 and all other values
listed in Table 2.2.

note that a thicker AloOg3 layer of 470 nm (black and green curves) was found to be a better fit to
the data than the model using 341 nm IOI suggested (red, dotted curve). This difference could be
due to our choice of refractive index data used or a number of other factors. We proceeded to use
the 470 nm layer thickness of AloOg3 for the remainder of the analysis but kept all other thickness
values consistent with the formula provided by IOI in Table 2.2.

Figure 2.14 shows the differences between the two models in the previous plot for both
retardance and diattenuation. An adhesive layer of 15 nm NiCr between a glass substrate and
silver coating results in < 0.2° difference in retardance for wavelengths longer than 600 nm and

< 0.3% difference in diattenuation compared to the model without the adhesion layer. The sys-
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Figure 2.14: The difference between the retardance and diattenuation curves for Berreman models
run with and without the presence of an adhesion layer. The systematic uncertainites in NLSP
measurements are ~0.2° retardance and at least of order ~0.2% in diattenuation.!> Excluding
very blue wavelengths, these modeled differences are washed out by systematic errors and adhesion
layers can be ignored.

tematic uncertainites in NLSP measurements are ~ 0.2° retardance and at least of order ~0.2%
in diattenuation.'® Excluding very blue wavelengths, these modeled differences are washed out by
systematic errors. From this we conclude that we are able to ignore all adhesion layers and model

mirror coatings as simply a single dielectric layer over a metal layer.

2.6 Summary

This chapter expanded on Berreman models from Harrington et al.'? to create model fits of
Mueller matrix data without the need for in-depth knowledge of the coating process that was used to
manufacture an optic. An optimization module was added in order to avoid the long computation

times required for brute-force searches. Optimization also allowed for expanding the parameter
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space searched to include a simultaneous fit to diattenuation in addition to the retardance space
previously searched. Implementing a Cauchy equation fit has removed any reliance on the need for
information on the material, layer thickness, or refractive index dispersion of a coating. We also
showed that any sample can be treated as a single-layer dielectric, ignoring the adhesion and metal
base layers. If the refractive index is free to be n > 2.6, e.g., not a material found naturally, the
effective refractive index of the sample is fit.

It is still unclear how best to balance the weighting of retardance and diattenuation errors
when fitting for both. A cursory first-look has indicated that the two terms of the error metric
(Equation 2.1) should not be weighted equally when minimizing. Retardance should have more
weight than diattenuation, however the exact ratio of the two terms is not yet understood. Adding
fits to the metal layers may help with this balance. We showed that the metal layer drives most
of the diattenuation in Figure 2.6. Lookup table data is still being used in our models as the
complex nature of metallic refractive indices complicates our fits. The imaginary part of a metallic
refractive index can be easily fit with a straight line, adding two parameters to our model for the
slope and y-intercept. However, we have not found a suitable polynomial to fit the real component.
We attempted a three-parameter fit of a parabola in Figure 2.15 however were unable to obtain a
suitable fit to either our data set or the general behavior seen in published dispersion formulas for
silver. As a parabola fit to the real component represents five new parameters to our model, three
for the real component and two for the imaginary, for a total of eleven in this version of the model,
we are hesitant to go immediately to higher-order polynomials. This would be an interesting area

for future work to tackle.
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Figure 2.15: We attempted a three-parameter fit of a parabola to the real component of a metallic
refractive index, however were unable to obtain a suitable fit to either our data set or the general
behavior seen in published dispersion formulas for silver shown here. We have not found a suitable
polynomial to fit and are hesitant to go to higher order polynomials.



Chapter 3

Loss of polarization due to coating non-uniformity

This chapter is adapted from a proceeding paper®® presented at the SPIE Astronomical
Telescopes + Instrumentation 2022 meeting. A manuscript containing Chapters 3 and 4 is being

prepared for submission to JATIS.

In this chapter we explore how mirror coatings can decrease the incoming polarization signal
and cause a loss through instrumental depolarization. As in the other chapters, we use the standard
definitions of Stokes parameters (S = [I, Q, U, V]T) and Mueller matrices to describe polarization.*

Depolarization is a reduction of the Degree of Polarization (DoP) of polarized light. Any

randomization of the average polarization over an aperture is depolarization. DoP is defined as:

\/W
DoP(S) = 51 +SSQ+S3,O§D0P§1 (3.1)
0

where S is the incoming Stokes vector. A DoP of 1 indicates that the light is fully polarized,
likewise, a DoP of 0 is unpolarized light, and anything in between is partially polarized.

In the following analysis, we use two single number metrics to infer the degree of depolariza-
tion occurring to an incoming polarized beam. While these metrics do not fully represent the nine
degrees of freedom representing depolarization in a Mueller matrix, these single number metrics give
4,53-55

insight into polarization behavior with simple calculations. The depolarization index, (DI),

represents the deviation of a normalized Mueller matrix from an ideal depolarizer and is defined as
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The second metric we use to quantify depolarization is the Average Degree of Polarization:*

DI(M) = (3:2)

T 7T'/2
[ DoP(M-S(6,n))cos (n)dndf
0 —m/2

AvgDoP(M) = (3.3)

2
which is the mean degree of polarization of exiting light averaged over all possible input states.
Similar to the DoP, when the average DoP equals 1, the exiting light is completely polarized. When
the average DoP equals 0, the exiting light is completely unpolarized, and the optic interacted with

is a full depolarizer.

3.1 Code Validation

A code was written to simulate a flat mirror aperture with nonuniform coating in different
configurations. The code assesses depolarization at each location on the aperture and over the
average aperture. Its results were validated against example problems from the textbook Polarized

Light and Optical Systems.*

3.1.1 Summing Linear Polarizers

Example 6.9 in Polarized Light and Optical Systems considers two linear polarizers with a
fraction of the aperture (a)) covered by a Horizontal Linear Polarizer (HLP) and the remaining
fraction (1 — «) covered by a Vertical Linear Polarizer (VLP). Using the example problem as a
benchmark, our code can reproduce the expected mathematical result of an average DoP = 0.499
and a DI = 0.579 at a = 50 as well as the accompanying Figures 6.21 and 6.22.* Our reproduction
of those figures is shown here in Figure 3.1.

By changing the VLP to a linear polarizer at 45°(LP45), we have also reproduced Polarized

Light and Optical Systems Figure 6.23 degree of polarization map for summing an HLP and LP45
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Figure 3.1: Our code successfully reproduces the DI and the average DoP for a HLP and a VLP
covering an aperture as well as the DoP surface on the Poincaré sphere. The left shows DI and DoP
averaged across an aperture that is covered by different fractions of HLP and VLP. The right figure
reproduces the Poincaré surface for a HLP and VLP each covering 50% of an aperture. These are
being compared to Figures 6.21 and 6.22 in the textbook Polarized Light and Optical Systems.*

over an aperture as shown here in Figure 3.2. With these reproductions, we are confident in the

results our code produced for retarders and protected silver coatings in the following sections.

3.1.2 Exploring the behavior of Retarders

Building off of the text book examples, we also explored the behavior of a pair of ideal quarter
wave linear retarders (QWLR) and found a similar behavior to the polarizers (left side of Figure
3.3). For a horizontal retarder (HQWLR, 0°) summed with a vertical retarder (VQWLR, 90°),
the average DI over the aperture followed an identical behavior as the average DI of the polarizers
(Figure 3.4). The average DoP over the aperture dropped with a much steeper overall slope than
that of the polarizers while still bottoming out at an average DoP of 0.5. We can better visualize
this with a DoP surface plot as on the right side of Figure 3.3. The contours on a DoP surface plot
show the magnitude of depolarization for different incident polarization states.’® Orientation of the
linear polarization, a combination of Stokes Q and U, is shown on the x-axis. The y-axis shows the
degree of incoming circular polarization. For this pair of retarders, the highest magnitude of surface
DoP occurs at linear polarization orientations of 0° and 90° where Stokes Q = 1. Additionally,

there is no surface polarization in the orthogonal state at orientations of 45° and 135°; i.e. Stokes



56

1.00

0.75
- 0.95

0.50

0.25 0.90

0.00 0.85

-0.25
0.80

-0.50

Degree of circular polarization

_0.75 0.75

—1.00
0 25 50 75 100 125 150 175

Orientation

Figure 3.2: Our code successfully reproduces the DI and the average DoP map for a HLP and a
LP at 45° covering an aperture as compared to Figure 6.23 in the textbook Polarized Light and
Optical Systems.*
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Figure 3.3: Shown here is the result of repeating Exercise 6.9 in Polarized Light and Optical
Systems* with a HQWLR and a VQWLR summed over the aperture rather than a pair of polarizers.
In the left plot, the average DI remains the same as the polarizers, however, the average DoP of
the set of retarders decreases with a much steeper overall slope than the average DoP of the set of
polarizers.
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Figure 3.4: Overplotting the depolarization curves of Polarizers from the left side of Figure 3.1
with the curves of Retarders from the left side of Figure 3.3, it is easy to visualize the differences in
behavior. The Depolarization Index (DI) is identical for two oppositely oriented linear polarizers
and two opposite QWLR retarders. A change in behavior is seen in the Degree of Polarization.
The retarders saw a much more linear decrease in average DoP compared to the parabolic nature
of the polarizers.

Q is preserved in this frame as expected, and at no point is the exiting light fully transferred into

Stokes U. The orthogonal polarization state is blocked.
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Figure 3.5: Shown here is a near identical scenario to the aperture in Figure 3.3. The only difference
being that the QWLRs have both been rotated by 45°. The left plot remains unchanged from the
HQWLR and VQWLR as the relative phase between the two retarders has not changed. However,
in the plot of surface DoP on the right, a phase shift has occurred. The average DoP across the
surface is completely polarized at 45° and 135° where Stokes U is preserved. And the surface is
completely unpolarized at 0° and 90°, indicating Stokes Q is completely blocked.

We repeated this experiment after rotating both of the ideal QWLRs by 45°. This changes
the orientation of the retarder’s fast axis, changing the preserved quantity in this frame to be Stokes
U. This should not effect the average DI or average DoP over the aperture, however, it should cause
a phase shift in the DoP surface map. This is exactly what we see on the right side of Figure 3.5.
In the DoP surface map for the rotated QWLR, the highest DoP occurs at 45° and 135° while there

is no polarization at 0° and 90°.

3.2 Incorporating Mirror Coatings

Using the code described in Section 3.1, we added the calculation of a Mueller matrix using
our Berreman code from Section 1.5. This allows the code to account for a potentially changing
mirror coating at each point rather than using a fixed, known Mueller matrix, as with the polarizer
and retarder tests.

In the first test configuration, a simulated mirror was split into two sections that covered a
sliding fraction of the aperture with one section defined as « and the second as 1 — «. Each section
was given a protected silver coating with varying layer thickness. Coating 1 covered a fraction a and

was selected to be 5 nm of zinc sulfide (ZnS) over 115 nm of aluminum oxide (AlpO3). Coating 2
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covered the remaining aperture, (1 —«), and was selected to be 12 nm of ZnS over 100 nm of AlO3.
These coating thicknesses were chosen to be consistent with the thickest and thinnest lab metrology
measurements of DKIST mirror witness samples. Bench-top spectropolarimetry measurements fit
using a Berreman model (see Harrington et. al 2019, Fig. 29b)'3 and ellipsometry measurements
taken over a range of angles both indicate this range of coating thicknesses and materials provide
a representative coating model for DKIST mirrors.

Fifty-one model measurements were simulated with the top portion of the mirror “sliding
down” between each step, decreasing the fraction covered by coating 1 and increasing the fraction
of the aperture coated with coating 2. The aperture was uniformly illuminated with monochromatic
light at a wavelength of 656.28 nm. In Figure 3.6, calculating the DI and average DoP for each
sliding step, we see similar behavior as produced by a pair of linear polarizers or a pair of quarter
wave linear retarders in Figures 3.1, 3.3, and 3.4. A mirror with an entirely uniform coating is
non-depolarizing and the more non-uniform the coating the lower the DI and average DoP, with
both DI and average DoP being minimized at o = 0.5. However, for these coatings with ~ 5 nm
differences in individual layer thickness, the depolarization effect is six orders of magnitude smaller
than that of a pair of linear polarizers. From this, we can expect depolarization to be on the order
of 1075 for mirrors coated with the “DKIST protective silver.”

The right side of Figure 3.6 shows the degree of polarization of light exiting the Mueller
matrix of a simulated mirror where o = 0.5. Orientation on the x-axis represents the direction of
propagation of linear polarization as a function of angle where 0° is purely Stokes +Q and 45° is
purely Stokes +U. On the y-axis the degree of circular polarization, or Stokes V, is shown. The
surface contours of the plot represent how the exiting DoP is changing across the surface. When
incoming linear polarization is purely Stokes Q (0° and 90°) and the circular component has low
magnitude, no depolarization occurs (DoP = 1). The most depolarization occurs where linear
polarization is fully in Stokes U (45°and 135°) though barely. The black regions indicate a DoP of
0.9995 or very slight depolarization.

The results of Figure 3.6 imply that depolarization is not a concern when the aperture is
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Figure 3.6: Left: A mirror where one fraction («) of the aperture is coated with 5 nm ZnS over
115 nm AlyO3 and the rest of the aperture (1 — «) is coated with 12 nm ZnS over 100 nm of
Al,O3 shows little depolarization (2 x 107%) across the average aperture at it’s most non-uniform
point (o = 0.5) An average DoP and DI near 1.0 both indicates the exiting beam is close to fully
polarized. Right: A Degree of Polarization surface plot for a = 0.5. The surface indicates how the
exiting DoP is changing for different incoming polarization states. The most depolarization occurs
when Stokes U = +1 or Stokes V= +1. At these points the exiting DoP =~0.9995 or a very slight
depolarization.

uniformly non-uniform, at least at a wavelength of 656.28 nm.

3.2.1 Expected Non-Uniformites in Coatings

In order to test the effects of coating non-uniformity on the magnitude of depolarization
across an aperture, a zinc sulfide (ZnS) over aluminum oxide (Al;O3), protected silver mirror was
modeled using Berreman calculus and varying layer thicknesses. The ZnS layer was defined as a
defocused Zernike with thicknesses of 6 nm — 12 nm over the aperture and the AlyO3 layer was
defined as a coating which mimics a vertical astigmatism Zernike with layer thickness of 100 nm
— 115 nm as shown in Figure 3.7. Zernike polynomials were chosen for ease of use on a circular
aperture and the Z9 defocus and Z3 astigmatism were chosen for their low order and resemblance to
typical thin-film coating non-uniformites. The ZnS layer is approximating a coating that has been
deposited such that it is thicker in the center than on the edges. The AloOg layer has been chosen to
simulate a coating that is fairly uniform in the center with thicker and thinner non-uniformites on
the edges. We have previously described spatial variations of substrate properties on DKIST and

other telescope optics and refer the reader to Appendix B of Harrington et al. (2021)%® for examples
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Figure 3.7: Model of a ZnS/Al;O3 mirror with non-uniform coating layers. Using DKIST mirror
thickness ranges as a guide, Zernike polynomials were used to form gradients in the layer thicknesses.
The left image shows the ZnS layer modeled as a Z3 defocus Zernike with thicknesses ranging from
6 nm — 12 nm. The right image shows the AlsO3 layer modeled as a Z% vertical astigmatism Zernike
with thicknesses ranging from 100 nm — 115 nm.

of spatial variation on real coatings. Thickness values were chosen to be consistent with our past
findings for these mirror types which can be found in Figure 29 of Harrington et al. (2019).'3

To predict the polarization properties of such a ZnS/AlyO3/Ag mirror, Berreman models were
run at multiple angles of incidence (AOI) from 15° to 70° at every point on the aperture, which
was illuminated with monochromatic light at a wavelength of 656.28 nm. The refractive index data
used can be found in Boidin et al. (2016)*3 for Al;O3 and the TFCalc Software!” for both ZnS
and Ag. The polarization properties of reflectivity, retardance, and diattenuation are shown here
in Figure 3.8 for the two extremes of the chosen incidence angle range. The top row shows small
peak-to-valley variations across the aperture in both intensity and diattenuation (0.006, RMS =
0.001 and 0.012%, RMS = 0.002, respectively) at a shallow AOI of 15° with some non-uniformity
in both properties occurring around the aperture edges. At the shown color scale, the retardance
at 15° takes on a lobe like structure, however it is still fairly uniform with a small peak-to-valley
variation of 0.2°(RMS = 0.043°) over the aperture. Average depolarization over the aperture is

also very small (2.25 x 1077) as listed in Table 3.1.
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AOI Avg DI Avg DoP 1 — Avg DoP

15°  0.9999998  0.9999997 2.3x10~7
45° 0.99998 0.99998 2.4%x107°
70° 0.99891 0.99905 9.5x10~%

Table 3.1: Average DI, average DoP and aperture average depolarization over the aperture of the
mirror modeled in Figures 3.7 and 3.8 at multiple AOIs. There is little polarization loss over the
aperture from this particular non-uniformity.

From this, we again conclude that at small AOI, depolarization is not a concern for a single,
flat, ZnS/AlyO3 protected silver mirrors with expected amounts of spatial variation across the aper-
ture. Additionally, for the DKIST system, this estimate is well within the error budget described
in Section 1.6.1.

In the bottom row of Figure 3.8, polarization properties are shown for a higher AOI at 70°
incidence. While such a large angle is not present on DKIST, large angles are not uncommon on
other astronomical telescopes. If we again look at reflectivity, retardance, and diattenuation over
the aperture, the largest changes occur at the aperture edges in each with fairly uniform centers.
The center retardance plot shows the largest change at a large angle with a peak-to-valley variation
of 18.55° retardance which is twenty times larger than the 15° AOI variation. Some of this spread
in retardance is expected due to the high AOI however it highlights how a large change in phase on
the edges of the aperture can significantly increase the effects of depolarization which has increased

by 3 magnitudes to 9.5 x 10~ at 70° AOL

3.2.2 A “Uniform” Mirror

To further test this result, another Zernike test was run where the range in layer thickness
was constrained to be varying on the order of 107% nm to simulate a uniform mirror measured with
noise perturbations. In this case, the ZnS layer was again represented by a defocus Zernike but

had a layer thickness range of 5.9999983 nm — 6.00000173 nm and the AlyO3 was an astigmatism
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Figure 3.8: Intensity, retardance, and diattenuation across the aperture of the mirror model
shown above at two different angle of incidences (AOI). At low AOI (top row, 15°), small peak-
to-valley variations are seen across the aperture in intensity (0.006, RMS 0.001) and diattenuation
(0.012%, RMS 0.002) with much of the non-uniformity around the aperture edges. Retardance
across the aperture took on a lobe like appearance but still showed low variation with a peak-to-
valley variation of 0.2°(RMS 0.043°). At high AOI (bottom row, 70°), a larger change in retardance
over the aperture (18.55°peak-to-valley, RMS 3.34°) is seen however much of the variation is again
at the edges of the aperture.
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Over the DoP surface there is very little change in polarization. At 15° AOI (left),

DoP varies in parts per million. At 70° AOI (right), DoP varies at the parts per 10,000 level for
the same simulated mirror.

Zernike of thickness 107.99999378 — 108.00000622 nm. The resulting aperture average Mueller

matrix for this surface was given by:

0.9786  0.00250

0.00252 0.9786
MMavg noise —

0. 0.

0. 0.

—0.27662

0.93869

0.

0.

0.
0.
—0.93869

—0.27662 |

(3.4)

Compared to a completely uniform aperture, this noisy aperture presents excess retardance

in the UV terms as can be seen by differencing the two Mueller matrices as follows:

0. 0.

0. 0.
MMavg noise — MMuniform =

0. 0.

0. 0.

3x 108

1x 1078

0.

0.

—1x 108

3 X

0.

0.

10~8

(3.5)

Given the polarimetric error budget in Equation 1.29, the excess retardance from such a

mirror is well below the maximum uncertainty for each element of the system Mueller matrix.
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Figure 3.10: Model of a ZnS/Al;O3 mirror with very non-uniform coating layers. Zernike polyno-
mials were again used to form a gradient of layer thicknesses with the intent to create an extreme
range with structure on the aperture edges. The left image shows a new ZnS layer modeled as a
higher order polynomial sum of Z3 ; + Z*, (coma + quadrafoil) with thicknesses ranging from 25
nm — 109 nm. The image on the right shows the Al;O3 layer modeled by the polynomial sum Z4,
+ Zg (secondary astigmatism and spherical aberrations) with thicknesses ranging from 3 nm — to
110 nm. The individual Zernike functions used are shown besides each aperture.

3.2.3 Let’s get Crazy! - Unrealistic coating non-uniformities

Section 3.2.1 modeled what a realistic non-uniform coating might look like. Here we simulate
an exaggerated coating non-uniformity to explore how depolarization behavior might change given a
large range of thickness variation and structure to the non-uniformity. For this experiment, we chose
to use combinations of higher-order Zernikes to simulate variation across an aperture of arbitratry
size as in Figure 3.10. The ZnS layer was modeled as a combination of the third-order vertical coma
Zernike and fourth-order oblique quadrafoil Zernike polynomials with thickness ranging from 25
nm to 109 nm. This combination was chosen with the intent of simulating structure on the edges
of the aperture as if the coating process had failed in some way. The AlsOgs layer was modeled as
a combination of two fourth-order polynomials — secondary astigmatism and spherical aberrations.
This layer has a thickness ranging from 3 nm to 110 nm with a thick central peak and two thinner
lobes on the edges, as if the majority of material deposited contracted into the center of the optic.

This mirror configuration was run through the same Berreman simulation as the mirror

described in Section 3.2.1 at AOIs of 15°, 30°, 45°, and 70°. Even with a non-uniform start, the
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Figure 3.11: Intensity, retardance, and diattenuation across the aperture of the exaggeratedly
non-uniform mirror model shown in Figure 3.10 at two different AOIs.

intensity and diattenuation over the aperture was fairly uniform for all AOIs as shown in Figure
3.11. At 15° AOI, intensity showed a peak-to-valley range of 0.05 and diattenuation a peak-to-valley
range of 0.14%. At the largest AOI tested of 70°, differences in intensity were 0.06 peak-to-valley
while diattenuation changed by 6% over the aperture. The biggest changes at all AOIs is again seen
in the retardance term. There is similar structure to that is seen in the intensity and diattenuation,
however the range of retardance values is 8° peak-to-valley at 15° AOI and 160° peak-to-valley at
70° AOI. Depolarization of the exiting beam increases by three orders of magnitude at each AOI as
listed in Table 3.2. While designed to be a terrible representation of a mirror coating that might be
used in an astronomical setting, this unrealistically non-uniform coating simulation demonstrates

the magnitude of errors depolarization could cause if coating uniformity is left unchecked.

3.3 Summary

We showed here an example calculation of depolarization caused by non-uniform mirror coat-

ings. We used a refractive index model based on our prior assessments of real mirror coatings.'? 1328



67

AOI Avg DI Avg DoP Min DoP 1 — Avg DoP

15°  0.99989 0.99988 0.99983 1.2 x107*
45°  0.98976 0.98916 0.985 1.08 x 1072
70°  0.92375 0.91701 0.882 8.3 x 1072

Table 3.2: Average DI and DoP over the aperture of the mirror modeled in Figures 3.10 and 3.11
at multiple AOIs. There is still small changes in the DoP over the surface for this very non-uniform
mirror simulation. Compared to the mirror that was modeled to be of similar layer thickness as
the DKIST mirrors in 3.1, this mirror is, on average, ~ 3 orders of magnitude more depolarizing.

Using the coating layer thickness variation estimates from our prior works, we showed examples of
the non-uniform polarization response caused by variable coating-layer thickness. These simulations
were done with a few common low-order Zernike modes at a few incidence angles to give a sense of
the range of possible outcomes. DKIST telescope mirrors have incidence angles ranging from near
zero to 45 degrees. At other astronomical telescope, in particular those with image de-rotators,
can have much higher incidence angles. We showed calculations of the scalar Depolarization In-
dex as well as examples of the depolarization over the full Poincaré sphere, covering all incident
Stokes vectors. Depending on the incidence angle, coating uniformity, etc, the depolarization level
expected for DKIST mirrors is at or below a few parts in ten thousand. These models add to
the depolarization estimated in Harrington & Sueoka (2017)!2 for DKIST as the average over the
aperture for a uniformly coated but curved optical surface. We contrast this level with the depo-
larization caused in the average over a converging beam footprint propagating through a retarder
as simulated in Sueoka (2016).°” With depolarization at these magnitudes, we can comfortably
ignore depolarization as lower order of magnitude than other sources assuming the coating has be
deposited reasonably uniformly and designed to be low retardance. It should also be noted that
the results shown here are all for single, unpowered mirrors. The effects of depolarization will com-
pound for a stack of mirrors in an optical path or for curved optics. Future work will pursue how

the effects of depolarization changes as a many optic system, such as a telescope, changes pointings
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throughout observations. We will also be pursuing including this mirror coating depolarization

behavior in future calibration techniques.



Chapter 4

Effects of mirror stacking and rotations: Application to DKIST

Using the simulations of mirrors with expected nonuniformities described in Section 3.2.1, we
now explore what these mirrors look like stacked in a many-optic optical assembly with increasing
complexity, gradually building to a DKIST-like system. All mirrors are still assumed to be flats

with no curvature, and the full aperture is illuminated at a wavelength of 656.28 nm.

4.1 Simple stacks of mirrors within a system

We first started with a stack of ten mirrors with DKIST-like coatings and expected non-
uniformities as described in Figure 3.7. All ten mirrors were positioned at 15° AOI in the optical
train. This angle was chosen as the shallowest AOI in our simulations, and used here as it is
representative of angles on the majority of optics found in the DKIST light distribution system
(the Facility Instrument-Distribution Optics; FIDO?®), and is at or within 5° of the incidence angles

of five of the ten mirrors on DKIST. Table 4.1 lists the angles of incidence for mirrors on DKIST

Optic M1 ‘ M2 M3 M4 M5 M6 M7 MS8 M9 MI10

AOI 14.04° | 11.84° 45.0° 1.76° 15.0° 30.0° 45.0° 5.33° 10.0° 15.0°

Table 4.1: Angle of incidence for each of the 10 mirrors on DKIST.'?24 With the exception of M1,
all of these mirrors are coated with “DKIST Silver.” The primary mirror of DKIST, M1, is coated
with bare Al, however all mirrors in the models presented here are assumed to be coated with a
protective silver.
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as traced through the system by the chief ray.

The normalized Mueller matrix for one such a mirror is given by:

1.0 —3.7x107* 0. 0.
—3.7x107* 1.0 0. 0.
Maor 150 = 0.98329 x ) (4.1)
0. 0. —0.9996 —0.02836
I 0. 0. 0.02836  —0.9996 |

Reading this matrix as described in Equation 1.11, the average reflectivity of the aperture
was above 98%, as expected for a protected silver coating. From the QI term, diattenuation loss
was at —0.037%. Computing retardance using Equation 1.13, we find that the retardance of the
single mirror to be minimal at 178.38° (~ 2° from ideal).

Stacking ten of these mirrors in an optical train all set to 15° incidence and assuming no
rotations or changes in the nonuniformities across the apertures resulted in the following normalized

Mueller matrix to describe the system:

1.0 —0.00374 0. 0.
—0.00374 1.0 0. 0.
MAOI 15°, 10 = 0.84494 x . (42)
0. 0. 0.96005 0.27981
0. 0. —0.27981 0.96005

We see an expected loss of reflectivity (84.5% compared to the previous 98.3%) and a 10%
increase in diattenuation at —0.37% for stacked mirrors. The largest change in polarization prop-
erties occurred in the retardance which was 163.75° (a decrease of ~ 14.6°) for the ten mirrors
in succession. Omne caveat to these results is that the primary mirror, M1, on DKIST is coated
with bare Al, which has a lower reflectivity than protected silver. The average reflectivity of an Al
mirror followed by nine Ag mirrors will be slightly lower than the estimates given here for a stack
of ten Ag mirrors. In terms of depolarization, the average DI and average DoP differ by an order
of magnitude between the single-mirror and stacked-mirror cases. These values are summarized in

Table 4.2.



71

AOI Reflectance D 0 Avg DI Avg DoP 1 — Avg DoP
150 1 mirror 98.3% -0.037% 178.38° 0.9999998  0.9999998 1.93 x 1077
10 mirrors 84.5% -0.37%  163.75° 0.9999981  0.999998 1.93 x 1076
45° 1 mirror 98.07% -0.269% 158.31°  0.99997 0.99997 2.38 x 107°
10 mirrors 82.3% -2.69%  143.09° 0.9997 0.9997 2.38 x 1074
70° 1 mirror 98.23% -0.15%  99.76° 0.9989 0.9989 1.09 x 1073
10 mirrors 83.66% -1.50%  97.61° 0.9892 0.9892 1.08 x 1072

Table 4.2: A comparison of reflectance and polarization properties for a single mirror at
different AOIs and a series of ten mirrors, all at the same AOI, stacked together. At all
angles, the reflectance decreased as expected for a series of Ag mirrors. Diattenuation (D),
average depolarization index (DI), and the average degree of polarization (DoP) increased by
an order of magnitude. This was expected as each mirror is identical and contributing the
same amount of depolarization to the final image.
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Repeating the above exercise of stacking mirrors but with AOIs of 45° and 70°, we find a
similar behavior to an AOI of 15°. As with the mirrors at 15°, retardance dropped by ~ 15° when
ten mirrors were stacked at both AOIs. Diattenuation and average DoP increased by an order of
magnitude, as expected. As identical mirrors are being stacked, each mirror contributes the same
amount of depolarization to the end result. The Muller matrices for these mirrors are detailed in

Equations 4.3—4.6 at the end of this chapter.

Differences in depolarization results from Chapter 3

The values listed in Tables 3.1 and 4.2 are slightly different between the two simulations.
While small (See Table 4.3), these discrepancies bring forward an interesting discussion on when
in the process an average over the aperture should be taken. The expected non-uniformity tests
described in Section 3.2.1 were concerned with changes across the aperture of the entire mirror. To
evaluate those changes, a Mueller matrix was calculated at each point and then used as a transfer
matrix for all possible incoming Stokes vectors. The resulting outgoing Stokes vectors were then
averaged over the aperture and used to compute a surface DoP. On the other hand, when simulating
stacking mirrors, a single Mueller matrix representing the aperture average was used. This was done
to limit computation time, however, means smaller non-uniformities may not be wholly accounted
for. Depending on the level of precision required for a polarimetry result, it may be more accurate
to track every individual point across all apertures before computing the depolarization, though

this is likely only an issue for many-optic systems and large AOIs.

4.2 Mirror stacks at DKIST angles

Continuing to add complexity to this model, the next step we took was to implement the
DKIST incidence angles listed in Table 4.1. The same 2-layer simulated mirror described in Figure
3.7 was used again to represent each of the ten facility mirrors on DKIST. A Berreman model was
made for the mirror at each point on the aperture and at each angle. All of the mirrors were then

stacked by matrix-multiplying each to obtain the total aperture of the system. All possible Stokes
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1 — Avg DoP Results

AOI Non-uniformity tests Stacking tests |Difference|

15° 2.3 x1077 1.93 x10~7 3.7 x1078
45° 2.4 x107° 2.38 x107° 2 x1077
70° 9.5x10~4 1.09 x1073 1.40 x10~*

Table 4.3: The different models presented in Sections 3.2.1 and 4.1 for a single mirror at different
AOQOIs yield slightly different results due to differences in how they were calculated. While small in
magnitude, depending on the level of precision necessary for a polarimetry result, averaging over
the aperture later in the calculation and increased computation time may be necessary.
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Figure 4.1: Here we show the surface Degree of Polarization for all possible incident Stokes vectors
for the stack of mirrors positioned at DKIST AOIs. The minimum DoP over the surface is 0.9998.
The average DoP over the surface is marginally higher at 0.999867, yielding an average depolariza-
tion of 1.33 x 1074

vectors were then applied to the resulting aperture, and the outgoing Stokes vector was used to
compute the final DoP and DI.

We found minimal depolarization for the DKIST-angle stack of mirrors at a wavelength of
A = 656.28 nm. The minimum value of surface DoP over the Poincaré sphere is .9998 in the £U
directions, as shown in Figure 4.1, which is a maximum depolarization of 1.999 x 10~* depending
on the incident polarization state. The average depolarization over the aperture is 1.33 x 1074,
which is the same order of magnitude of the depolarization seen in the stack of mirrors with all

AOQOIs set to 45°.
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Stacked AOIs Avg DI Avg DoP 1 — Avg DoP

15° 0.9999981  0.999998 1.93 x 1076
45° 0.9997 0.9997 2.38 x 1074
DKIST AOIs 0.999 0.999867 1.33 x 10~*

Table 4.4: A summary of depolarization metrics for 10 stacked mirrors at different AOIs at a
wavelength of A = 656.28 nm. The average depolarization values listed in the last column are the
same order of magnitude or smaller than the tolerances set by the DKIST error matrix (Equation
1.29).

4.3 Summary and Next Steps

The preliminary results here show that any system-induced polarization originating from
mirrors is small for this particular wavelength. We found the average depolarization across the
final aperture of a stack of ten mirrors to be of order 10~% at DKIST AOIs and when all ten
mirrors are positioned at 45° incidence, well within the tolerances of the error matrix outlined
in Equation 1.29. Next steps in building up this model include adding rotations to mimic the
elevation and azimuth axes of the telescope. Other wavelengths at which DKIST observes will also
need to be checked for consistency. We will also be changing the simulated mirror coating to utilize
NLSP data derived Mueller matrices from measurements of witness samples rather than theoretical
coatings. Powered optics will be the last puzzle piece to be implemented as the model will need to

be transferred into a ray tracing program.

Muller Matrices referenced in Section 4.1

The following Mueller matrices are all normalized to the II intensity term. They have been
computed and interpreted identically to the 15° detailed above. These matrices are presented here

for posterity.
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Chapter 5

Conclusions and next steps

As science goals drive cutting-edge instrumentation, calibration methods on those instruments
must also evolve to meet performance requirements. We have shown how current polarization
calibration methods can be improved by providing more realistic inputs to the system models that
are used in the calibrations. Through careful metrology work and a reassessment of what can or
cannot be ignored in polarization calibrations, new levels of precision and accuracy can be achieved.

In Chapter 2, we expanded on the work of Harrington et al. (2019)'® by using the Berreman
calculus described in Section 1.5 to fit NLSP data of various mirror witness samples from DKIST
and other solar telescopes. These new fits utilized both retardance and diattenutation data instead
of just retardance. The optimizer scipy.optimize.differential evolution() was also imple-
mented to easily allow for the new fit parameters. We also removed any dependence on proprietary
coating formulas or on reliable refractive-index dispersion curves by adding a new module that fits
for the refractive index of a dielectric coating using a Cauchy equation. Future work should focus
on fitting the metal layer of a mirror coating. The fitting code is now capable of deriving a model
for any individual optic without knowing anything a priori about the coating.

Chapter 3 explored the loss of polarization by an optic due to non-uniformly applied coat-
ings. Most system models, including DKIST’s, assume depolarization is small compared to other
instrument errors and systematics and ignore it. We simulated a DKIST-like mirror with data
from the fits in Chapter 2 and predict the magnitude of depolarization caused by a non-uniformly

coated mirror. We found that the depolarization of a single flat mirror, with DKIST-like coating
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thicknesses ranges from ~107° to ~10~7 depending on the angle of incidence of the incoming light.
These values are well below the tolerance levels that DKIST requires in the calibration error matrix
(Equation 1.29). Even for very poorly coated optics where coating thickness changes non-uniformity
by 100 nm over the aperture, we find the induced depolarization to be close but still below tolerance
limits; a range of ~1072 to ~10™* depending on the angle of incidence. We concluded that, for a
single mirror, depolarization from non-uniform coatings is negligible. Chapter 4 expanded on this
by ‘stacking’ a series of ten mirrors to predict the compounded depolarization that maybe induced
by a many optic system, like a 4m telescope. We predict that for a stack of flat mirrors set at
the same angles of incidence used by DKIST the mirror-induced depolarization will still be below
DKIST’s required tolerance by two orders of magnitude that we estimate to be ~107%. Future
work should include powered optics, which will further increase the depolarization. Previous work
by Harrington and Sueoka (2017)'2? estimated the depolarization at DKIST’s Gregorian focus to
originate from averaging over the aperture and be at a level of ~ 0.1% for the on-axis, zero field
beam and 107° for a 5-arc minute field of view. Given these estimates, further work has not yet

been done.

5.1 Future Work

This thesis presents an advancement of our understanding of the polarization systematics
introduced by individual optics. Still, this work will benefit from further exploration of three
different areas: the impact of diattenuation in determining refractive index; the effect of curved

optics; and polarization wavelength dependence.

5.1.1 Modeling of coatings

The model fits described in Chapter 2 still have several limitations that can be expanded
upon. Currently, only the dielectric layers that enhance a mirror coating are fit for. The metal
layer is given a set thickness and uses a lookup table to determine the refractive index for given

wavelength. As plotted in Figure 2.15, we have attempted to model the real component of the
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refractive index as a parabola to minimize the number of parameters we fit. However, this does not
replicate the correct form of refractive indices found in the literature. A more suitable polynomial
has not yet been determined. We have inferred from Figure 2.7 that the metal layer drives the
level of diattenuation. This is likely to vastly improve our models as, even with the addition of
diattenuation to minimization of the error used to determine the fit, diattenuation data are poorly
matched.

The weighting of diattenuation in the error metric should also improve the fit of the model
to the data. Diattenuation has been added to Equation 2.1 however it is currently considered to
be equal to the level of retardance. When minimizing a model fit, trial-and-error indicates that
retardance should be more heavily weighted, however, by how much has not been determined.
It may not be possible to confidently determine a weighting before fits to the metal layer adds

additional degrees of freedom to the fit.

5.1.2 Mirror induced depolarization

Chapters 3 and 4 both added to the complexity of a simple optical system, but other factors
must still be added to fully represent a realistic scenario. The models described assume that
each mirror is a simple flat-fold and fully illuminated. Real optical systems use curved optics to
manipulate a beam that propagates through the system. An articulated system will have optics
rotating against each other. Both of these scenarios will require the inclusion of field angles and
changes to where is illuminated on a given mirror, and any local non-uniformites in the coating.

Additionally, everything described in Chapters 3 and 4 was done at a single wavelength.
Ideally, the full wavelength range of DKIST, from 380 nm to 5 um, would be analyzed to determine
if all observations will be below the allowed error tolerance. An initial look at the wavelength

dependence is described in the next section.
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5.2 Impact on DKIST

To get a sense of if there is a wavelength dependence to depolarization, we selected seven
wavelengths of importance from cases in the DKIST Critical Science Plan®® and reran the analysis
carried out in Section 4.2 for stacks of ten mirrors in two scenarios: with all mirrors set to 45° AOI
and with mirrors at DKIST angles (Table 4.1). A summary of the results is presented in Table 5.1.

Two of the studied wavelengths, both Ca II lines, stand out as potentially problematic and are
highlighted in bold. The Ca IT H, K and Ca IT IR lines are used in chromospheric studies of magnetic
fields and will be observed by three of the four first-light polarimeters on DKIST — ViSP, VTF and
DL-NIRSP.26:30-32 We estimate that the depolarization of a stack of ten mirrors at DKIST angles
is of the order of magnitude 1072, which is the same order of magnitude as the error tolerances
listed in the DKIST error matrix (Equation 1.29). We also expect there to be more depolarization
once system articulation and mirror curvature are taken into account. Given that depolarization
induced by mirror coatings is completely excluded from the current DKIST polarization system
model?® and estimates are at the allowed error tolerance without considering any other sources of
systematics, we conclude that DKIST observations near 397 nm and 854 nm will need more study
and special characterization. Given the importance of Ca II lines to constraining temperatures in
the chromosphere, a study of the error matrix at these specific wavelengths is recommended. It is
possible that this result highlights a need for a wavelength dependent error-matrix across the entire
bandpass observed by DKIST. It is also worth noting that the models presented here include all
10 system mirrors in the depolarization error estimate. Currently, all optics located in the coudé
laboratory, M7 through the instruments, are fit to the modulation matrix of the system which does
account for the depolarization.?”3® This means that the models here are most likely an overestimate
of depolarization caused by system mirrors. As M7 is positioned at a fixed angle of 45°, it has a
large impact on the estimates presented here; however, it is accounted for elsewhere in the system
model. Repeating the analysis presented here with mirrors M1 through M6 is recommend before

any further changes are made.
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Line AOI Avg DoP Depolarization
Call K 45° 0.8785 1.215 x 1071
396.85 nm DKIST  0.9856 1.44 x 1072
Fe XIV 45° 0.9777 2.22 x 1072
530.3 nm  DKIST 0.998 1.87 x 1073
Ne laser 45° 0.9985 1.46 x 1073
633.443 nm  DKIST 0.9998 1.60 x 10~*
Ha 45° 0.9978 2.20 x 1073
656.28 nm  DKIST 0.9999 1.29 x 1074
Ca Il 45° 0.8259 1.74 x 107!
854.2 nm DKIST  0.9838 1.62 x 102
He I triplet 45° 0.9562 4.38 x 1072
1080 nm  DKIST 0.9956 4.38 x 1073
CO bands 45° 0.9996 4.37 x 1074
4666 nm  DKIST  0.99997 1.08 x 107°

Table 5.1: A summary of depolarization metrics for various wavelengths that are important to
DKIST science objectives. Each row represents a 10-mirror stack where the AOI of all mirrors
are set to 45° or the DKIST AOIs listed in Table 4.1 are used. The Ca II lines in both the UV
and IR are highlighted as being of the same magnitude as the allowed error tolerances. This could
be problematic if depolarization estimates increase as expected with the inclusion of telescope
articulation and powered optics.

5.3 Summary

The fields of solar and astrophysics are constantly pushing the technological boundaries of
optical systems to further tighten and constrain our understanding of physical phenomena. This

requires careful and precise calibration of instrument hardware to ensure the accuracy of the result-
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ing physical inferences. Although the work presented in this thesis was developed for DKIST and
its optical train, it is important to reiterate that it can be extrapolated to any optical system re-
quiring polarization calibration. For example, in Chapter 2 our analysis was conducted with optical
coatings from the GREGOR telescope, and it can also be applied to and benefit other upcoming
major observatories such as the Thirty Meter Telescope (TMT) and the European Solar Telescope

(EST).
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