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The CMB temperature power spectra measured by WMAP (yellow), the South
Pole Telescope (blue) and the Atacama Cosmology Telescope (purple). The tem-
perature anisotropies of the CMB will be measured with the Simons Observa-
tory and CMB-S4, two upcoming cosmology experiments, with further precision.
Source: The Atacama Cosmology Telescope Collaboration [4]. . . . . . . . . ..
The polarization modes of the CMB. The E modes have no curl, while the B
modes have no divergence. . . . . . .. ..o
Temperature and polarization spectra measured by the Atacama Cosmology Tele-
scope in 2018 [5], compared to spectra measured by WMAP and Planck, as well
as ACT’s residuals after fitting to cosmological model spectra. Source: ACT
2018 Cosmological Results [5]. . . . . . . . . ... .o
The simulated CMB power spectrum at varying spectral index of inflation ng, and
varying neutrino species Nyg. Simulations are made with CAMB [6] and show
the TT" spectrum’s deviation from nominal values, with ngs + oy, and N.g +
ON g In red is the sensitivity achieved by Planck, and in blue is the sensitivity
goal of Simons Observatory. The right-most panel simulates a mischaracterized
instrument beam and how it can mimic deviations in the 7T spectrum of the

CMB. . . e

The Atacama Cosmology Telescope, surrounded by its outer ground screen. The
inner co-moving screen further shields the instrument from any stray-light. The
primary mirror is behind the co-moving screen. Source: Debra Kellner. . . . . .
The Simons Observatory (SO) and Atacama Cosmology (ACT) site in the Ata-
cama Desert, Chile. The ACT telescope sits within a ground-shield which can be
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stray light. The inner co-moving ground-screen further protects the telescope
from stray light during observations. Source: Debra Kellner . . . . . ... ...
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Ray-trace diagram of the Atacama Cosmology Telescope [7]. The telescope is
an off-axis Gregorian with two reflectors: the primary is 6m in diameter and
the secondary 2m. The rays trace into the Millimeter Bolometer Array Camera
(MBAC) cryostat which houses the telescope’s detectors. Source: The Atacama
Cosmology Telescope Collaboration [7]. . . . . . . . .. ... ... ... .. ..
Ray-trace diagram of the Simons Observatory Large Aperture Telescope [8]. The
telescope is a cross-Dragone with two reflectors, both 6 m in diameter. The rays
trace into the Large Aperture Telescope Receiver (LATR) cryostat which houses
13 optics tubes. The optics tubes guide the photons onto the detectors in the focal

plane, which are cooled to 100 mK. Source: The Simons Observatory Collaboration. 18

Left: Three Small Aperture Telescope cryostats, with the front cross-section
showing the inner optics tube. Right: Ray-trace diagram of the Simons Observa-

tory Small Aperture Telescope [9]. Source: The Simons Observatory Collaboration. 20

Large Aperture Telescope Receiver (LATR) optics tube in the Simons Observa-
tory. A detailed rendering of the optics tube design is shown in the upper part,
and a simplified schematic cross-section is shown in the bottom part. Incoming
light enters the optics tube from the right and focuses on the detector arrays on
the left via three lenses. The yellow-shaded region in the bottom part shows the
geometric light ray profile. Operational temperatures for different parts of the
optics tube are also annotated. More details of the optics tubes are described
in [10]. The MMA tiles are installed in the regions between lens1 and lens2
at 4K. Fig. 3.2 shows a cross-section of the MMA tile assembly (box with red
dashed lines) in the optics tube and the detailed design of one tile. A flat version
of the MMA tile (Section 3.6) was also used to cover the front and back of the
Lyot stopat TK. . . . . . .. o

Manufactured MMA tiles. The manufactured tiles are presented from different
perspectives. The top left photo shows one tile from the absorbing surface. A
microscope photo of the pyramids is shown in the insert. The pitch between
pyramids is kept as 0.6 mm as designed. The bottom left two photos show the
back of the tile from two other perspectives. The light weighting pockets are
visible along with the brass injected M3 nut for fastening. The photo on the
right shows the assembly of 240 tiles installed on the wall of the optics tube
section (see Fig. 2.6). A ruler (~30cm) is placed in the center for scale. Note
that the absorbing surface appears to be black and featureless in the assembly
photo. The condition stays the same regardless of lighting in the room, which
supports the effectiveness of the AR-coating design even in optical. . . . . . ..
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MMA tile design. A snapshot of a single tile design is shown. The tilted upper
surface has the pyramidal structures as described in Section 3.2. A zoom-in
plot shows details of the pyramidal structures, acting as a metamaterial anti-
reflection coating. Another insert on the right zooms in further and shows one
single unit of the metamaterial structure, with a pitch, p = 0.6 mm and a height,
h = 1.5mm. The tile bottom is curved to fit the cylindrical inside surface of
the metallic optics tube, which is used for structural support, heat sinking, and
reflective optical termination for the absorptive tiles. A lip and a dent are for
seamless tessellating. A cross-section of the segmented tilted surface is shown
in the lower left part. In a time-reverse fashion, light rays coming from the left
would hit the tilted surface with a < 64° angles of incidence, where the absorbing
surface achieves the desired optical performance. . . . . . . . . . ... ... ...
Specular reflectance measurements. The two panels show the specular reflectance
measurements of the MMA tiles and the TK tiles at different angles of incidence,
including 15°, 30°, 45°, 60°, and 65°. The samples are measured in W-band
(90 GHz to 110 GHZ) and D-band (130 GHz to 170 GHz). The left panel shows
the W-band (90 GHz to 110 GHZ) and D-band (130 GHz to 170 GHz) reflectance
of the MMA tiles. The measurement gap in the left panel is due to the dif-
ferent frequency bands of the two sources used in the setup. The right panel
measures the W-band (90 GHz to 110 GHZ) reflectance of the TK tiles. The two
panels share the same y scale for comparison. The measurement of a flat black
polyethylene sample without a AR-coating is included in both panels, which is
conducted with a 30° angle of incidence. Comparing the sample without an AR-
coating (purple triangles) and the MMA tiles (blue crosses), ~ —20dB specular
reflectance reduction is achieved with the metamaterial AR-coating. . . . . . . .
Optical measurement setup sketch. The orange lines represent the beam as it
travels from the source feed-horn, collimated off of the first mirror and to the
sample. After being reflected /scattered by the second mirror, the beam is fo-
cused into the receiver to be measured. Incident (6;) and receiver (6,) angles are
controlled by a motor for measuring different angles of incidence and scattered

The correlation receiver setup diagram. A splitter sends one signal from a
millimeter-wave source to a Pacific Millimeter harmonic mixer, while sending
the same signal to be modulated by the device under test. The reference and
modulated signal are mixed with an LO with an offset frequency f,geet from
the millimeter wave source. The two Pacific Millimeter harmonic mixers extract
interference information caused by f,geet and sends this to the ROACH-2 field
programmable gate array (FPGA) board where the two signals are correlated.

MMA measurement sample. MMA tiles are individually bolted into a 3D-printed
plate such that each absorbing surface sits flat to form a 30.5x30.5 cm testing
surface. . . ..
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Scattering measurement. The four panels show front scattered power off the
sample with the source located at four angles of incidence 6;: (a) 15°, (b) 30°,
(c) 45°, and (d) 65°. The source was set at 110 GHz. Each of the measured
data points was averaged over 17 different sample rotation angles, from which
the associated error bars were also estimated. The error bars are too small to
be visible at these y scales. The vertical black lines indicate the position of the
specular reflection directions. The blue data points show the results from the
MMA tiles, while the red data points show the results from the TK tiles. The
TK tiles are measured to have an overall higher scattering than the MMA tiles,
which leads to a higher integrated scattering power, as shown in Table 3.1. . . .
Manufactured square tiles. The 2.5cm x 2.5 cm flat tiles are also manufactured
via injection molding with the same pyramidal structure on the absorbing surface.
The main photo on the bottom shows two square tiles from the front and the
back. Major features on the tiles were denoted as well. A microscope photo of
the pyramids is shown on the top left. The photo shows sharp features of the
pyramids, which are only 0.6-mm wide and 1.5-mm tall. The pyramids show
sharper features compared to the ones in the tilted tiles (Fig. 3.1). That is
because the square tiles are smaller with a simpler shape, which facilitates the
manufacturing process. . . . . . . .. ..

Reflectivity of intrinsic (top) and neutron-irradiated (bottom) Silicon against
frequency [GHz|. . . . . .. ...

The Simons Observatory (SO) Large Aperture Telescope (LAT), featuring a seg-
mented primary and secondary mirror. The mirror’s focus is hidden inside the
conical baffle near the front of the receiver. The receiver can hold up to thirteen
optics tubes. Source: The Simons Observatory Collaboration. . . . . .. .. ..
The Simons Observatory LATR. optics tube. Light enters the optics tube from
the right through an ultra-high-molecular-weight polyethylene (UHMWPE) win-
dow, and travels through a series of Infrared-Blocking filters (IR), including one
alumina IR filter, and passes through the 4 K Low-Pass Edge mesh filter (LPE).
The light is focused on the detector arrays on the left by the three lenses, with
two additional LPE filters near the 1K and 100 mK stages. The components
within the optics tube are further described in [10]. . . . . . .. ... ... ...
Schematic of holography setup. Two local oscillators (LOs) supply frequencies
(LO1 and LO2 = LO1 + f.g), one of which is multiplied by the active multiplier
factor M , while the other serves to down convert the reference and modulated
signals into the intermediate frequency. . . . . . . . . ... ..o
Holography beam map measurements in the mid-frequency band. Top: Power at
each measured frequency (peak-normalized in each map). The hexagonal side-
lobes in the power beam maps are higher in power than the signal-to-noise of the
system (45dB). Bottom: Wrapped phase at each measured frequency. . . . . . .
Near-field band-averaged MF1 and MF2 beams, simulated and measured with
radio holography. Left panel: Radially binned. Right panel: 2D simulated and
measured near-field beams. . . .. ...
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All beam maps propagated at the secondary illumination of the Large Aperture
Telescope. The spilled power to 300 K is calculated by integrating power outside
the boundary of the secondary (red line) with respect to total integrated power
of themap. . . . . . . .
Top row: Using FD, the LATRt measurements are propagated through the LAT
from the near-focal plane, to the far-field. Bottom row: Radial profile of the
measured(simulated) far-field beams in the F90 and F150 bands, plotted in
red(black). The lack of diffraction rings in the radial average is explained by
the convolution of the measurement(simulation) due to the rectangular source
aperture physically in the setup (artificially in the model, see Appendix A.2). . .
A) Time-reversed ray-trace of the SO LAT Optics Tube (OT) with one filter (or-
ange), near the second lens. With 0% on-axis reflectivity of the filter, rays(blue)
emerge from the focal plane and exit the OT window. With an on-axis reflectivity
of 5.64 % (average LPE filter reflectivity in the full band), rays reflected off of the
filter(red) go back to the reflective focal plane (copper and reflective), and then
propagate out the front of the window. This is verified in the simulation, as the
main beam in front of the OT shows the shape of the focal plane at -25dB. B)
In orange is the measured reflectivity (1-transmission) of the 6.8 cm~! LPE filter,
which is placed at the 1-K stage in the optics tube. The red(blue) line shows the
measured integrated fractional power outside the main beam at each frequency
with(without) the filter in the optics tube. C) Band-averaged near-field beam
maps with and without the filter in the optics tube. With the filter, beam maps
show extra scattering in the top parts of the map, through the upper portion
of the LATRt hexagonal window (hexagonal power around the main beam at
roughly -20dB due to reflection). . . . . . .. ... o oL
Left: Polarization measurement setup on the LATRt. The dielectric polarizing
grid sits over the holography receiver’s beam path and rotates about the verti-
cal axis, polarizing the source as it enters the cryostat. A hexagonal aluminum
plate covers the rest of the window and is secured in place with aluminum tape.
Right: Polarized beam power (band-averaged from 85-120 GHz) as a function of
grid rotation, measured with the holography setup described in Section 5.3. Co-
polarization (blue) holds the source waveguide aligned with the receiver orienta-
tion. Cross-polarization (green) uses a 90° waveguide to make the source aligned
perpendicular to the receiver orientation. The polarization model (Eq. B.1) is fit
using an MCMC and with no instrument polarization. . . . . .. .. ... ...
Constrained parameters from polarization model (Eq. B.1), detector angle ¢qet,
grid efficiency ngriq, and cross polarization e. The dashed lines show the 16th,

502 and 84th quantiles of the fit. We find a cross polarization of less than 1%,
a detector tilt of roughly —31deg, and a grid efficiency of roughly 97%.
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7.1

Left: Cross-section of the Small Aperture Telescope (SAT) optics tube. Light
enters through the high-density polyethylene window (UHMWPE) and through
the cryogenic half-wave plate (CHWP). The lenses re-image the beam onto the
focal plane, where the holography detector measures power and phase at a given
source position. Right: SAT cryostat used in holography testing. Source: The
Simons Observatory Collaboration, Remington Gerras. . . . . .. .. ... ...
SAT Focal Plane. The two holography receivers are outlined in red, separated
by 120°. Two receivers are installed for redundancy, but also served as a useful
tool when characterizing systematics (such as “ghosting”, or spurious signal in
the beam maps, and polarization effects). . . . . ... ... ... ... ... ..
Lab photos of the holography setup on the SAT. Left: The holography source,
covered in a sheet of eccosorb to control scattering, is centered above the SAT
window and points directly into the SAT, sitting below. Right: The holography
electronics sit on a cart next to the SAT readout. The SAT window in the top
left is made of UHMWPE. . . . . . . . .. ...
Left: Preliminary near-field beam shape of the SAT in MF-1. Beams are averaged
over all frequencies measured, and the averaged beam is then radially averaged
to get the near-field beam profile. Right: Preliminary beam sizes of the SO SAT
in MF-1. Far-field beams measured with holography (blue) are radially binned
and the FWHM is obtained from the resulting 1D beam profile. Simulations are
obtained using a diffractive optics simulation, and plotted are where the measured
beam sizes with 20 errorbars. . . . . . . ... Lo
Preliminary far-fields of the SAT optics tube in the MF-1. The near-field mea-
sured beam is propagated to the far-field for each frequency. The aliasing of the
measured phase in the near-field (discussed in Section 6.3) caused an artificial
directional shift in the on-sky beam, which we center before plotting. . . . . . .
Co-polar normalized power of the Simons Observatory Small Aperture Telescope
near-field beam. . . . . . ... L
Co-polar phase of the Simons Observatory Small Aperture Telescope near-field
beam. . . . . ..
Cross-polar normalized power of the Simons Observatory Small Aperture Tele-
scope near-field beam. . . . . . ...
Cross-polar phase of the Simons Observatory Small Aperture Telescope near-field
beam. . . . . .

Top: Far-field beam simulation of a 150 GHz source, with surface error RMS
of Opum, 20 pm, 35 pm, and 50 um. The side-lobes around the central beam
increase as RMS of panel errors increases. Center: Window function W, of far-
field beams at 150 GHz with combined surface RMS of 50 pm, 35 pm, 20 ym, and
Opum. Bottom: Difference of window functions W, in top plot, w.r.t. window
function of far-field beam with surface error RMS of 0 pm, Wyg,. . . . o o .
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Holography geometry. A source on a 5m tower sits at a distance Rgource above
the aperture plane of the LAT. Two receivers, one “reference” receiver pointed
straight at the source, and the receiver in the focal plane, measure the amplitude
and phase of the source. The focal plane receiver is offset d f from the nominal
focus. . . ..
Simulated HWFE at the aperture plane with surface errors of 35 um RMS on a)
only M1, b) only M2, and ¢) both M2 and M1. . ... ... ... ........
Results from simulation. The top left panel shows the input simulation, which
had 35 micrometer RMS HWFE. The top right panel shows the predicted aper-
ture phase given the ML determined estimates for the panel errors, and the
bottom shows the residuals. . . . . . . . .. ... ... L
The left and middle columns show the surface errors on the Primary and Sec-
ondary mirrors after holography has been used to correct the mirror surfaces. The
right column shows the HWFE as a function of focal plane position. The top row
shows results for holography taken at a single position (see red dot). The middle
row shows results for binocular holography (combining measurements from two
positions, see red dots). The bottom row shows results for trinocular holography
(combining measurements from three positions, see red dots). . . . . .. .. ..

Distribution of the total number of point-sources that were in the catalog (greys)
and ultimately became part of the final beam analysis (colored) for all arrays
combined, shown by observing seasons from 2017-21. point-sources used in the
stacking are separated into Special(red dots) and ML(gradient hexagonal bins)
sources (the two types of sources are described in §8.3.1). . . . ... ... ...
Spatial distribution of all point-sources in the catalog(grey) and the selected
point-sources used in stacking(colored). The color bar shows the flux of the
Special(ML) sources, which are plotted as triangles(circles). The regions of the
map with no used point-sources indicate regions which are masked out prior to
stacking. The mask ensures that the stacked point-sources are in the same regions
of the sky used in cosmology science. . . . . . . . .. .. ... ... .. ... ..
Inpainting-subtracted method as described in §8.3.2 for F090 PA5. Top row:
Stacked beam without inpainting subtraction (left) and stacked beam includ-
ing inpainting-subtracted method (right). Bottom: Inpainting signal which is
subtracted during the stacking procedure for F090 PA5 (note the linear scale
colorbar). This shows the large angular-scale signal which is removed from the
stacked beam with the inpainting method. . . . . . . .. ... .. ... .. ...
Example of a simulated map used to characterize the stacking bias. This ex-
ample is for PA5 in the F090, zoomed in to an area of 2deg x2deg. Top left:
Point-source map using the input catalog RA and DEC coordinates. Top right:
Simulated CMB. Bottom left: Simulated noise [11]. Bottom right: Final simu-
lated map after combining the previous three components. This process is done

103
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for each PA and F-band, and repeated 100 times to estimate radial profile errors. 109
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Mean simulated radial profile at each F-band and PA, averaged over 100 simula-
tions. Mean simulated profiles are shown for Special(red) and ML(blue) sources,
with error bars calculated from the covariance matrix of the 100 profiles. Each
profile is then compared to the corresponding planet-derived beam(black) in the
bottom panel of each plot. This shows the bias from the stacking procedure is
minimal and can be neglected in the subsequent analysis. . . . . . . ... . ...
Stacked radial profile at each F-band and PA. Profiles are shown for Special(red)
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Abstract

The Cosmic Microwave Background (CMB) carries the imprints of the conditions in the
early universe and the large-scale structure it has traversed as it travels to our telescopes.
Thus, the CMB serves as a window into the physics of our universe allowing measurements of
primordial gravitational waves, large scale structure formation, the sum of neutrino masses,
dark energy, dark matter, and fundamental physics. Achieving these ambitious science goals
requires equally ambitious instrumentation.

The Simons Observatory, a ground-based CMB experiment, is designed to observe the
CMB temperature and polarization signals to an unprecedented sensitivity. A combination
of one Large Aperture Telescope (LAT) and three Small Aperture Telescopes (SATS) will
measure the temperature and polarization anisotropy of the CMB with ~60,000 background
noise-limited detectors operating at ~100 mK, covering frequencies from ~20 to ~300 GHz.

To measure the tiniest signals of the CMB, we must control optical systematics and ad-
vance detector sensitivity to unprecedented levels. I present techniques to control optical
systematics, design highly sensitive detectors and feedhorn arrays, and characterize their
performance. I present the design and performance of the optical properties of novel mi-
crowave absorbers, and beam map a complete cryogenic optical system. I present software
to model these systems, including hardware imperfections, demonstrating how systematics
propagate into measurements; the software uses machine learning to correct such systematic
errors by correcting alignment of mirrors. Lastly, I present a measurement of the Atacama

Cosmology Telescope (ACT) beam that is central to the ACT Data Release 6 (DR6). This

xxi



beam measurement is made possible with a novel approach for characterizing the on-sky
beam by stacking point sources. Understanding the beam of the instrument is critical for
characterizing the angular response of the instrument, and therefore critical for achieving the
ambitious measurement goals for inflationary signals and light relativistic species in ACT

and other future experiments.
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Chapter 1

Introduction

In 1965 at Bell Labs, Arno Penzias and Robert Wilson serendipitously detected “noise” with
their microwave antenna. This noise was isotropic (same in all directions) and homoge-
nous (same in all locations), and was ultimately determined to be the first measurement
of the Cosmic Microwave Background; radiation from the early universe. The temperature
spectrum of the Cosmic Microwave Background (CMB) was measured to be a near-perfect

black-body, with a mean temperature of [20]:
Tonp = 2.725 K (1.1)

The spectrum lies in the infra-red range of the electromagnetic spectrum, and peaks at a
wavelength A = 1.5 mm (Figure 1.1).

This near-perfect black-body is understood to originate during the early universe by the
rapid collision of photons with free electrons (Thompson scattering) that keep radiation in
thermal equilibrium with hot dense matter. As the universe expanded and cooled, however,
this spectrum kept its same form [21]. Because it formed during the early universe, the CMB
is a backlight into not only early universe properties, but also late universe physics such as
large-scale structure and dark matter. The CMB, therefore, carries a wealth of information

about the fundamental physics of our universe.

1
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Figure 1.1: Left: Spectrum of the CMB from the COBE satellite. The deviation from an
ideal blackbody is magnified x 400 in the bottom panel. Right: First-year maps from the
COBE Differential Microwave Radiometer in 1992. Source: COBE Collaboration [1, 2].

1.1 Overview of A-CDM Cosmology

Figure 1.2 shows the history of our universe as we understand it today. The universe is
described by the ACDM model, which assumes a flat universe (¢t = 1) which is expanding
at an accelerating rate, and is dominated by cold dark energy and cold dark matter. Further,
the ACDM model assumes dark energy taking the form of a cosmological constant A, which

is expressed as a constant energy density:

2

_ ¢ 1.2
PA= g (1.2)

The ACDM model neatly models the universe in six parameters: the baryonic density €2 h2,
the cold dark matter density Q. h2, ln(1010A5), the spectral index of inflation ng, the size
of the acoustic horizon at decoupling 100 6y, and the reionization optical depth 7. Further,

the standard model assumes a constant number of neutrino N,g and sum of neutrino masses
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Image Credit: ESA/Planck Team
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Figure 1.2: The history of the universe as we understand it today. After the Big Bang, the
CMB is emitted during the Recombination era at around 380,000. The photons emitted
then traversed large-scale structure to get to our detectors, and therefore we can study
late universe large-scale structure through measurements of the CMB. Source: ESA /Planck
Team [3], re-touched by Chesmore.

¥my. The most up-to-date values are listed in Table 1.1. All of these parameters impact
the shape of the CMB spectra which we measure today. Three pillars provide evidence for
the Big Bang Theory, whereupon our universe came into existence.

The Expanding Universe: As we’ve previously discussed in this chapter, the universe is
predicted to be currently expanding. This has been studied and proven by observations of
late-universe objects like galaxies [22]. By measuring the velocity and distance of an object,
scientists determined (using the Hubble Law) objects in the past were closer together, and
today are farther apart.

The Cosmic Microwave Background: Radiation from a source of known temperature
is described by a black-body spectrum. We’ve introduced the CMB as radiation from the
early universe. We've also introduced the CMB as a blackbody spectrum. It can be shown
that, in an expanding universe, the blackbody will maintain its shape, its temperature will

decrease as the wavelength shifts lower. Therefore, the CMB serves as evidence of a dense



hot radiation source before the universe expanded, with a consistent black-body shape.
Abundance of Light Elements: Such an abundance of light elements in today’s universe
suggests a hot, dense beginning to the universe. As the universe cooled and expanded, light
particles formed by a fusion process called Big Bang Nucleosynthesis (BBN). The amount
of light particles measured today are in agreement with predictions made by BBN.

These three pillars indicate a valid understanding of cosmology, but this cosmology re-
mains incomplete. Problems which remain are listed below. The theory of inflation has the
potential to explain the mentioned puzzles.

Flatness problem: Measurements of the observable universe present a nearly flat spatial
geometry (Qiota; = 1). This would imply a flat geometry at the initial moments of our
universe as well. But for what reason would the universe begin with a flat geometry? Inflation
answers this by suggesting our universe might have curvature, but this rapid expansion blows
up any curvature such that the tiny amount we can observe appears flat.

Horizon problem: The sky appears remarkably (and statistically) uniform in all directions.
The CMB confirms this, as we measure this radiation to be uniform to one part in 100, 000.
The particle horizon distance is only 2°, so how could the entire sky be so nearly uniform?
Inflation solves this because such an accelerated expansion creates a paradigm where all the
observed sky has a chance to come into causal contact.

Magnetic monopole problem: Magnetic monopoles are analogous to electrons, which
would emit a magnetic charge. However, we have never measured a single monopole in our
universe, nor do we know that they exist. Meanwhile, the Grand Unified Theory (GUT)
predicts an extremely low density of magnetic monopoles; GUT predicts one monopole per
Hubble radius. Inflation solves this by diluting the expected number of monopoles thus

explaining why we have not measured a single one.



1.2 Questions to be Answered

Many questions remain in cosmology, which are being investigated using measurements of

the CMB. The Hubble Constant, for example, quantifies the expansion of our universe:

In recent decades, astronomers and cosmologists have worked to determine the exact value
of Hy using both early- and late-universe physics. As the two methods return differing
values of the Hubble Constant, this field continues to evolve with new statistical methods
and precision instrumentation.

During inflation, tensor fluctuations manifested as gravitational waves, which are then
imprinted in the CMB polarization. The tensor-to-scalar ratio, r, is measured from the
CMB polarized signal, and therefore directly quantifies the signatures of primordial gravita-
tional waves. To date, we have upper limits from various previous CMB experiments, but
constraining to higher precision remains to be done.

Many cosmological parameters remain to be constrained by improved measurements of
the CMB. The spectral index of inflation, ng, illuminates the geometry of our universe, and
is constrained by the "damping tail” of the CMB temperature spectrum, or at small angular
scales. Additionally, the effective number of neutrino species, Neg, will push forward the

field of particle physics.

1.3 Signals in the Comsic Microwave Background

The Cosmic Microwave Background carries rich science in its temperature and polarization
spectra. The CMB temperature spectrum can be decomposed into spherical harmonics,
which result in power spectra as a function of multipole moment ¢, where ¢ ~ 180/6 and 0

is angular scale on the sky. The temperature fluctuations of the CMB are decomposed into
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Figure 1.3: The CMB temperature power spectra measured by WMAP (yellow), the South
Pole Telescope (blue) and the Atacama Cosmology Telescope (purple). The temperature
anisotropies of the CMB will be measured with the Simons Observatory and CMB-S4, two
upcoming cosmology experiments, with further precision. Source: The Atacama Cosmology
Telescope Collaboration [4].

spherical harmonics:

5T 00 14
?(97¢) = Z Z aﬁm}/ﬁm(ea ¢) ) (1'4)

(=2m=—/{
where ¢ and m are multipoles of the spherical harmonic Yy, ay,, are expansion co-
efficients, and 6 and ¢ represent the angular position on the sky. You’ll notice the first
summation of Equation 1.4 begins at ¢ = 2 rather than ¢ = 0; the ¢ = 1 coefficient corre-
sponds to the earth’s motion with respect to the CMB, and the ¢ = 0 coefficient is the mean
temperature of the CMB, so we neglect those terms. The coefficients ay,, are independent

variables, and relate to the CMB’s angular power spectra via:

1 m=/{
TT _ 2
Cy =21 > £|a€m| : (1.5)
m=—

This is the temperature power spectrum of the CMB. Figure 1.3 shows the measured

CMB temperature power spectrum from the Atacama Cosmology Telescope, the South Pole
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Figure 1.4: The polarization modes of the CMB. The E modes have no curl, while the B
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Telescope, and WMAP [4].

The shape of the CMB power spectra unlocks properties of the early universe. For
example, the first peak in the power spectrum at around ¢ =~ 220 corresponds to the angle at
which we observe the sound horizon, or the distance that sound can travel between the big
bang and recombination. The measurement of this power spectrum’s morphology can also
determine physical matter and baryon densities. The dark energy properties of our universe
can be constrained by the power spectrum peak, as the dark energy and matter densities
jointly alter the distance to last scattering [23]. The matter density of the universe alters the
expansion of the universe, which determines when the universe reaches the temperature of
last scattering, or when photons begin to stream freely. The smaller angular scale distortions
are in part due to an inhomogeneous universe at the time of last scattering (z ~ 1100).

The CMB is predicted to be polarized, due to Thompson scattering by free electrons
during the era of recombination [21, 24]. Measuring this polarization would indicate the
beginning of reionization and further have the potential to uncover primordial gravitational
waves. Just as the CMB’s temperature spectrum is decomposed in spherical harmonics,
we also decompose the polarized components. We refer to the CMB’s polarization signals

as “E-modes” and “B-modes” after their likeness to curl-free (electric) and divergence-free
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Figure 1.5: Temperature and polarization spectra measured by the Atacama Cosmology
Telescope in 2018 [5], compared to spectra measured by WMAP and Planck, as well as
ACT’s residuals after fitting to cosmological model spectra. Source: ACT 2018 Cosmological
Results [5].

(magnetic) fields (Figure 1.4). The E- and B-modes of the CMB are then defined as
E0,0) = ap,Yom(0,0)
m

B(Q, ¢) = Z aEBm}/Em(ea ¢) )
Im



and the CMB’s polarized spectra are defined as

1
XY § : XY

m

Here, X and Y can either be E-mode, B-mode, or temperature T spectra of the CMB,
indicating cross-correlated spectra.

The E-modes are produced by the density perturbations via Thompson scattering from a
local quadrupole. For this reason, the EE spectra peaks when scattering is highest, and when
velocity is highest, between the two temperature spectrum peaks. Primordial gravitational
waves produce B-modes through Thompson scattering. Further, the large-scale structure
gravitationally lenses CMB photons traveling through, adding to the B-mode polarization
spectra. The scalar-to-tensor ratio, r, is directly determined through measurements of the

B-mode polarization, as scalar perturbations generate E-mode polarization.

1.4 Why Care About Beams?

Every camera has a “beam” (or optical response) which determines the optical performance
(how your picture will turn out). The smaller your beam, the higher the resolution of your
picture. The Field-of-View (FOV) determines how wide your picture can be. The noise of
your camera’s detector determines how grainy the picture comes out. All of these optical
properties are defined by the camera’s beam. To take a picture of the CMB, the telescope
is our camera; the beam of the instrument determines the optical performance at a given
angular scale.

This not only affects the immediate quality of our CMB maps, but also impacts the ability
to study cosmological science. Let’s consider two cosmological parameters: the spectral index
of inflation ns, and the number of neutrino species N.g. The spectral index of inflation ng
describes how fluctuations vary with angular scale. Figure 1.6 shows the CMB power spectra

at three different values of ng and at two different values of Nyg.
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Figure 1.6: The simulated CMB power spectrum at varying spectral index of inflation ng,
and varying neutrino species Nog. Simulations are made with CAMB [6] and show the T'T
spectrum’s deviation from nominal values, with ns £ oy, and Nyg £ ON g In red is the
sensitivity achieved by Planck, and in blue is the sensitivity goal of Simons Observatory.
The right-most panel simulates a mischaracterized instrument beam and how it can mimic
deviations in the 7T spectrum of the CMB.

The red curve plots the achieved sensitivity of Planck for determining the spectral index
ns and N, showing ns & op,, and Neg £ o .. The science goals of SO are plotted in blue
to show the increase in sensitivity compared to Planck. The right-most plot then shows that
a mischaracterization of the instrument’s beam can mimic the aforementioned uncertainties.
At small angular scales (large ¢ values), slight variations of ng change the slope of the power
spectrum (Figure 1.6). For this reason, the beam must be well understood and characterized
to achieve such ambitious science goals.

Entire classes of inflationary models can be ruled out by constraining ng. Achieving
this goal, however, requires precise beam calibration on these small angular scales. Further,
characterizing the polarization leakage from the telescope’s beam is critical to map the tiniest
signals of the CMB’s polarization. For this reason, this work focuses on beam calibration,

both for the Simons Observatory and the Atacama Cosmology Telescope.

1.5 Status of the Field

Since the detection by Penzias and Wilson in 1965, the cosmology community has made leaps
to constrain the black-body of the CMB. The Cosmic Background Explorer (COBE) was the

10



first to measure the CMB power spectrum from space. Since COBE, the measurement of
fluctuations in the CMB has increased in precision, with experiments like WMAP, Planck,
for example. The South Pole Telescope and the Atacama Cosmology Telescope, two ground-
based telescopes, have pushed the measurement further with increased resolution mapping
of the sky.

In the coming years, cosmologists aim to detect the tiniest signals of the polarized CMB.
An ongoing challenge in cosmology instrumentation has been characterizing the polarization
spectra of the CMB. Specifically, the B-mode polarization of the CMB offers a unique window
into early-universe physics [21]. Because scalar perturbations generate E-mode polarization,
a measurement of the B-mode polarization directly quantifies the scalar-to-tensor ratio,
r. The BB-power spectra has been reported by the Polarbear, South Pole Telescope and
ACTPol collaborations [25-27].

1.6 Outline of Thesis

First, I overview two ground-based cosmology experiments in Chapter 2: the Atacama Cos-
mology Telescope (ACT) and the Simons Observatory (SO). This work focuses on the devel-

opment and characterization of optical components for the SO. In the final chapter of this

Parameter | Planck 2018 Release | ACT 2020 Release
100 Qph? 2.241+0.015 2.153-+0.030
100 Q.h? 11.97+40.14 11.78+ 0.38

In(10104,) 3.040-£0.016 3.050-£0.030

Qp 0.68740.008 0.69640.022
ns 0.96740.004 1.008+0.005
100 6, 1.041040.00046 1.042540.0007
T 0.05240.008 0.06540.014
to 13.79140.025 13.83240.047

Table 1.1: The most recent cosmological parameters as from the 2018 Planck release [12]
and the 2020 ACT release [5]. Baryonic and cold dark matter densities €, €2, dark energy
density 25 spectral index of inflation ng, acoustic horizon at decoupling 6y, reionization
depth 7, and the age of the Universe in Gyr, y.

11



work, I characterize the optical performance of ACT.

In Chapter 3, I present an overview of the meta-material absorbers used in the SO Large
Aperture Telescope optics tubes to control stray light. I also present the characterization
of their optical properties using a radio holography receiver. These tiles are comprised
of an outer metamaterial layer, which approximates a lossy gradient index anti-reflection
coating. They are fabricated via injection molding commercially-available carbon-loaded
polyurethane (25% by mass). The injection molding technology enables mass production at
low cost. Room temperature optical measurements verify their control of reflectance to less
than 1% up to 65° angles of incidence, and control of wide angle scattering below 0.01%.

The characterization of optical components is continued in Chapter 4, where I charac-
terize the reflectivity and loss tangent measured in the W-band (80-125 GHz) and D-band
(125-180 GHz) in two samples of float zone silicon with intrinsic stoichiometry - one irradiated
by neutrons, which increases the resistivity by introducing crystalline defects, and the other
unperturbed. I find the loss tangent tan d of 2.8 x 10~% and 1.5 x 102 for neutron-irradiated
silicon and intrinsic silicon, respectively, both with an index of refraction of 3.41. The re-
sults demonstrate the applicability of silicon as a warm optical component in millimeter-wave
receivers. The depth of the reflection nulls provides a sensitive measurement of dielectric
losses.

In Chapter 5, I present near-field radio holography measurements of the SO LATR optics.
These measurements demonstrate that radio holography of complex millimeter-wave optical
systems comprising cryogenic lenses, filters, and feed horns can provide detailed characteri-
zation of wave propagation before deployment. I used the measured amplitude and phase,
at 4K, of the receiver near-field beam pattern to predict two key performance parameters:
1) the amount of scattered light that will spill past the telescope to 300 K and 2) the beam
pattern expected from the receiver when fielded on the telescope. These cryogenic mea-
surements informed the removal of a filter, which led to improved optical efficiency and

reduced side-lobes at the exit of the receiver. This is the first time such parameters have
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been confirmed in the lab prior to deployment of a new receiver.

Chapter 6 presents additional near-field radio holography measurements, this time on
the Small Aperture Telescope (SAT) optics tube. Using the identical holography setup as
described in Chapter 5, I present preliminary characterization of the SAT’s optical perfor-
mance; more specifically, I predict two key performance parameters: 1) the beam profile in
the near-field and 2) the far-field beam pattern of the telescope expected from the receiver.

Chapter 7 presents Holosim-ML: a Python code for beam simulation and analysis of
radio holography data from complex optical systems. This code uses machine learning to
efficiently determine the position of hundreds of mirror adjusters on multiple mirrors with
few micrometer accuracy. I apply this approach to the example of the SO 6 m telescope.
The ML framework makes the analysis of these measurements from many receiver positions
straightforward to analyze. I present an example of the SO dual reflector optical system and
demonstrated that this approach can yield < 5 um alignment errors, the requirement for SO
science goals.

In Chapter 8, I analyze maps from the Atacama Cosmology Telescope Data Release 6.
From the maps, I select point sources and stack them in order to determine the temperature
and temperature-to-polarization beams of the instrument. This method is compared to the
planet-derived beams of ACT. We find the temperature-to-polarization leakage beams are
consistent between the two methods, indicating that the planet-derived beams are sufficient
for subsequent cosmology analysis. We also find a spatial dependence of the point sources in
the window functions, which we investigate and present several explanations for what might
be causing this effect.

Lastly, in Chapter 9, I summarize the results from this work and discuss their implications

for the future of precision cosmology.
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Chapter 2

Instrument Overview

We are in the age of precision cosmology, and measurements of the CMB spectra continue
to improve in sensitivity. Now, to measure the CMB polarization anisotropies, scientists are
pushing forward the sensitivity of the instruments by increasing detector numbers, improving
detector sensitivity, and controlling optical systematics, to name a few. For example, the
Atacama Cosmology Telescope (ACT), a ground-based cosmology experiment, used roughly
3000 bolometric detectors. The Simons Observatory is scaling its detector count up to more
than 50,000 bolometric detectors in order to improve mapping speed and sensitivity. Looking
ahead, the CMB-54 collaboration, a next-generation cosmology project, plans to scale up
even further: to roughly 500,000 detectors. This, along with the many other improvements
in instrumentation, aim to detect the faintest signals of the CMB polarization spectra.

In this chapter, I describe two ground-based cosmology experiments covered in this work:
the Atacama Cosmology Telescope (ACT), an operational cosmology experiment [7], and the
Simons Observatory (SO), this generation’s cutting-edge cosmology experiment [28]. T de-
scribe the Simons Observatory Large Aperture Telescope instrument further in Chapters 3, 5,

and 7, and the Small Aperture Telescope in Chapter 6.

14



Figure 2.1: The Atacama Cosmology Telescope, surrounded by its outer ground screen. The
inner co-moving screen further shields the instrument from any stray-light. The primary
mirror is behind the co-moving screen. Source: Debra Kellner.

2.1 Atacama Cosmology Telescope

The Atacama Cosmology Telescope (ACT) is a millimeter-wave telescope located on Cerro
Toco in the Atacama Desert of Chile at an altitude of 5190m. The full ACT is shown
in Figure 2.1 and the ACT site in Figure 2.2. Since its first observations in 2007, the
telescope has seen two major instrumentation upgrades: 1) ACTPol and 2) Advanced ACT.
In Chapter 8, I present the characterization of the ACT mid-frequency beam and polarization
leakage using point-source stacking.

The Advanced ACT, or “AdvACT”, is an upgrade to ACT’s three detector arrays and
their optics. Filters and lenses were replaced to operate with the four new multichroic
arrays. This upgrade mapped the CMB in bands from 28 GHz to 280 GHz, and mapped

approximately half of the sky. Along with improved angular resolution (1.4 at 150 GHz
15



Figure 2.2: The Simons Observatory (SO) and Atacama Cosmology (ACT) site in the Ata-
cama Desert, Chile. The ACT telescope sits within a ground-shield which can be sen in the
bottom center. The outer ground screen protects the telescope from stray light. The inner
co-moving ground-screen further protects the telescope from stray light during observations.
Source: Debra Kellner

and 7.1" at 28 GHz), the detectors improved polarization and temperature sensitivity due to
twice the original number of detectors.

Figure 2.3 shows the ray-trace of ACT’s off-axis Gregorian geometry with two reflectors
which guide photons into the receiver cabin; the 6 m primary is made of 71 adjustable
aluminum panels and the 2m secondary is made of 11 adjustable aluminum panels [7]. The
off-axis optical design minimizes scattered power and therefore drastically improves detector
sensitivity [29]. Within the receiver cabin, three cryogenic optics tubes re-image the sky

onto the detector arrays [30]. Light first enters through a 6.4 mm-thick ultra-high molecular
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Figure 2.3: Ray-trace diagram of the Atacama Cosmology Telescope [7]. The telescope is an
off-axis Gregorian with two reflectors: the primary is 6 m in diameter and the secondary 2 m.
The rays trace into the Millimeter Bolometer Array Camera (MBAC) cryostat which houses
the telescope’s detectors. Source: The Atacama Cosmology Telescope Collaboration [7].

weight polyethylene window, followed by a series of Infra-red (IR) blocking filters at 300 K,
40K, and 4 K, which reflect out-of-band signal in order to reduce loading on the detectors.
The focal plane of the optics tube is cooled to 100 mK. Table 2.1 summarizes the optical
properties of the ACTPol instrument.

Since its inception in 2016, AdvACT has achieved many of its ambitious science goals [13].
With improved sensitivity, ACTPol has measured the intrinsic temperature and polarization
anisotropy at high-multipoles, which determines the spectral index of inflation, the primor-

dial helium abundance, and neutrino properties [31]. Galaxy clusters have also been studied
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Figure 2.4: Ray-trace diagram of the Simons Observatory Large Aperture Telescope [8]. The
telescope is a cross-Dragone with two reflectors, both 6 m in diameter. The rays trace into
the Large Aperture Telescope Receiver (LATR) cryostat which houses 13 optics tubes. The
optics tubes guide the photons onto the detectors in the focal plane, which are cooled to
100 mK. Source: The Simons Observatory Collaboration.

from their Sunyaev-Zel’dovich effect, where CMB photons are scattered by high-energy elec-
trons in the galaxy cluster along the line of sight [21]. It has determined the Hubble Constant
as 67.6 £ 1.1km/s/Mpc, the age of the universe to be 13.832 + 0.047 billion years, and the
spectral index of inflation ns to be 0.9729 + 0.0061 (to name a few) [13]. Soon to release
its sixth data release (DR6), ACT has turned off observations and scientists will continue to

use its groundbreaking data.

2.2 The Simons Observatory

The Simons Observatory (SO) is a series of millimeter-wave telescopes designed to observe

the Cosmic Microwave Background (CMB) temperature and polarization signals to an un-

| Parameter | LF | MF/HF | HF |
Number of Bolometers 176 4430 1006
Angular Resolution (arcmin) | 7.1'/4.8" | 2.2"/1.4" [ 0.9
Center Frequency (GHz) 28/41 90/150 230

Table 2.1: ACT Key Characteristics for the three frequency bands: : Low-Frequency (LF),
Mid-Frequency (MF) and High-Frequency (HF) [13].
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precedented sensitivity [28, 32]. With the combination of one Large Aperture Telescope
(LAT) [10, 33-35] and three Small Aperture Telescopes (SAT) [36], the experiment will
measure the temperature and polarization anisotropy of the cosmic microwave background
with ~ 70,000 background noise limited detectors operating at ~ 100 mK, covering six fre-
quency bands centered on 27-280 GHz (Table 2.2).

SO will provide new constraints on inflationary signals, neutrino mass, and particles
beyond the standard model while further improving our understanding of dark energy and
galaxy evolution and the era of cosmic reionization [28]. The resolution of SO will result
in a catalog of extragalactic sources, including active galactic nuclei (AGN), dusty star-
forming galaxies, and transient sources including Gamma Ray Burst (GRB) afterglows [37].
SO expects to catalog 10,000-15,000 AGN sources at flux-densities above 7mJy [38]. The
low frequency coverage of SO will complement comparison work with other catalogs (e.g.
VLA /VLASS, ASKAP/EMU, MeerKAT/MIGHTEE) [37]. Dusty star-forming galaxies seen
by SO will include local galaxies (z < 0.1) and high redshift galaxies (approximately 2 <

z < 4), and strong lensed galaxies beyond this range [39].

2.2.1 Large Aperture Telescope

The LAT is a crossed-Dragone telescope [40-42] developed in collaboration with the Fred
Young Sub-millimeter Telescope (FYST) [43, 44] Collaboration. The LAT Receiver (LATR)

can hold up to 13 optics tubes, which can accommodate more than 60,000 detectors dis-

| Parameter | LF | MF | UHF |
Number of Bolometers >20,000 | >20,000 >20,000
Angular Resolution (arcmin) | 3.3'/3.0" [ 2.10/1.30" | 0.95"/0.84
Center Frequency (GHz) 27/39 90/150 220/270

Table 2.2: SO Key Characteristics [14]. Detectors are split evenly between the three
frequency bands: Low-Frequency (LF), Mid-Frequency (MF) and Ultra-High-Frequency
(UHF). Note: the LF beam size is estimated by scaling down the MF and UHF beam

sizes.
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tributed across 39 detector wafers for CMB studies [8, 45, 46]. Each optics tube holds a
set of lenses, filters, and baffles which couple light from the telescope onto a set of three
polarization sensitive detector arrays.

The Large Aperture Telescope (LAT) will map roughly 40% of the sky at arcminute
resolution [10]. Figure 2.4 shows a cross-section and ray-trace of the LAT. The primary
mirror is 6 m in diameter and constructed out of 77 individual adjustable panels, while the
secondary mirror is 6 m in diameter and constructed out of 69 adjustable panels [32].

Light from the sky is then reflected into the LAT Receiver (LATR), which houses up
to thirteen optics tubes [18]. The LATR optics tubes re-image the optics onto the detector
arrays (three detector arrays per optics tube). Chapter 5 presents radio holography mea-
surements of the LAT optics tube, where I characterize the optical performance of the LAT

Receiver optics tube.
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Figure 2.5: Left: Three Small Aperture Telescope cryostats, with the front cross-section
showing the inner optics tube. Right: Ray-trace diagram of the Simons Observatory Small
Aperture Telescope [9]. Source: The Simons Observatory Collaboration.
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2.2.2 Small Aperture Telescope

The Simons Observatory (SO) will employ three Small Aperture Telescopes (SATS) to mea-
sure the largest angular scales visible from the Atacama Desert in Chile. One SAT has
an aperture diameter of 0.42m and will measure roughly 10% of the sky with more than
300,000 bolometer detectors across the three SATs [9]. Among the three SAT’s are three
frequency bands — each with 10,000 detectors: Low-Frequency (LF) bands are centered at 27
and 39 GHz, Mid-Frequency (MF) bands are centered at 93 and 145 GHz, and Ultra-High-
Frequency (UHF) bands are centered at 225 and 280 GHz

Mapping the three frequency bands will allow for the separation of the CMB from galactic
foregrounds (sourced from synchrotron and dust radiation). The primary goal of the SATSs
is to measure the primordial tensor-to-scalar ratio, r, to within o(r) = 0.003, which is one
of SO’s many ambitious science goals [36]. Another ambitious science goal is to characterize
the tiny polarization signal of the CMB. Primordial B-mode spectra peaks at ¢ ~ 90 (or
roughly 2°), and therefore precision measurements at large angular scales are critical. In
Chapter 6, I present radio holography measurements of the SAT optics tube.

Here we provide a brief overview of the SAT optics, starting at the window of the telescope
and ending at the detectors. The full SAT design is described in [9, 36] and shown in Fig-
ure 6.1. The SAT optics is purely refractive; three anti-reflection coated silicon lenses [47, 48]
control the beam size and shape onto seven hexagonal detector arrays. The SAT lenses are
the largest Si lenses used for a CMB telescope to date [36]. Figure 2.5 shows the ray-trace
from the focal plane out the SAT window. Light enters through a 3mm thick ultra-high
molecular weight polyethylene hexagonal window with an anti-reflection coating [33]. A
Cryogenic Half-Wave Plate (CHWP) polarization modulator then reconstructs the polariza-
tion of the CMB at 40 K. A 1K Lyot stop is the first cold optical element, and is followed by
the SAT refractor. Three anti-reflection coated silicon lenses [47, 48] re-image the light onto
seven hexagonal detector arrays. Photons are then coupled onto the detectors by individual
feedhorns. The focal plane of each optics tube houses seven hexagonal detector arrays and
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Figure 2.6: Large Aperture Telescope Receiver (LATR) optics tube in the Simons Obser-
vatory. A detailed rendering of the optics tube design is shown in the upper part, and a
simplified schematic cross-section is shown in the bottom part. Incoming light enters the
optics tube from the right and focuses on the detector arrays on the left via three lenses. The
yellow-shaded region in the bottom part shows the geometric light ray profile. Operational
temperatures for different parts of the optics tube are also annotated. More details of the
optics tubes are described in [10]. The MMA tiles are installed in the regions between lens 1
and lens2 at 4 K. Fig. 3.2 shows a cross-section of the MMA tile assembly (box with red
dashed lines) in the optics tube and the detailed design of one tile. A flat version of the
MMA tile (Section 3.6) was also used to cover the front and back of the Lyot stop at 1 K.
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are cooled to 100 mK.

2.3 Optics Tubes

Modern ground-based millimeter-wave telescope receivers have advanced to the point where
detector noise is dominated by photon noise, meaning the thermal or electronic noise intrinsic
to the detectors (and the associated readout system) is less than the photon noise from the
incident light. The in-band optical power incident on the detectors—closely related to the
photon noise—arises from the sky signal, the atmosphere, and stray light outside the desired
optical path. The out-of-band instrument spectral and angle response is largely set by filter
stack and baffle implementation.

The cross-section of the SAT optics tube is shown in Figure 2.5 and the LAT optics tube
is shown in Figure 2.6. Components of the optics tubes are common; Silicon is used in all
lenses due to its optical properties, enabling fast-imaging of the beam onto the detectors
at millimeter wavelengths. Windows of the optics tubes are often made of high-density
polyethylene, as it is transparent to millimeter-wavelengths and can sustain vacuum as the
optics tubes are cooled. Feedhorn arrays in the focal plane guide the photons onto the
cryogenic detectors, and can be a source of cross-polarization in the optics, making it critical
to characterize prior to deployment.

The sky signal and the atmosphere power loading observed by the detectors cannot be
reduced by improving the instrument, whereas the stray light loading can be reduced by a
more effective design. Instead of following the main optical path, stray light is reflected or
scattered by the side walls of cryogenic receivers before being absorbed by the detectors.
Characterizing and constraining such scattering, and other optical systematics, is critical for

achieving the precision cosmology.
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2.3.1 The Status of the Simons Observatory

The Simons Observatory is currently being deployed in the Parque Astronomico located in
the Atacama Desert in Chile (Figure 2.2). The telescope site is situated at an elevation of
5,200 meters near the peak of Cerro Toco at 22° 57" S, 67°47" W. The arid conditions and
elevation at the site minimize contamination to millimeter wave signals from water vapor.
Integration and testing occurs in parallel with deployment, as the rollout of the Simons
Observatory continues. In the year to come, SO will begin observations and characterize the
CMB with unprecedented sensitivity, with many discoveries of the nature of our universe to

come.
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Chapter 3

Metamaterial Microwave Absorber
(MMA) and its Cryogenic

Applications

3.1 Introduction

Stray light in optics tubes can not only compromise image fidelity through ghosting or glint,
but also degrades the detector sensitivity. This chapter concentrates on suppressing stray
light by minimizing reflection and scattering within cryogenic receivers [30, 49, 50]. Ter-
minating stray light at the lowest possible temperature is typically achieved by cryogenic
baffling design, which minimizes reflection and scattering. Ideally, the baffling surfaces are
constructed of millimeter-wave absorbing material, with high absorptivity and low reflec-
tion/scattering over a wide range of incident angles and frequencies. Beyond the required
optical properties, the absorbers should be efficiently cooled to cryogenic temperatures with
robust thermal contacts and be able to withstand the mechanical stress associated with ther-
mal cycling. Since cryogenic space is scarce, the absorbing material is often required to be

as compact as possible. Ideally, the absorber should be light in mass, especially for future
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space missions.

Available options include conductively-loaded-epoxy [51], and commercially-available ab-
sorptive sheets! / tiles?2. The conductively-loaded-epoxy relies on the conductive materials
to absorb the radiation; however, the high index of refraction of the epoxy gives high re-
flectance and scattering, depending on the roughness of the surface. In addition, the epoxy
normally has a >2g-cm? density, adding a significant mass to the cryogenic system. The
commercially-available absorptive sheets and tiles provide high absorption, while mechani-
cally and cryogenically attaching them to low-temperature surfaces poses great challenges.
Recent development on 3D printing also enables more absorber designs [52], while mass pro-
duction at low cost is still a challenge. To overcome these obstacles, the SO team developed
injection-molded tiles with a metamaterial gradient index anti-reflection coating. Metama-
terials are artificially engineered materials, in terms of content and geometry, to achieve
physical properties that are not available in nature [53-55]. Our solution provides high
absorption with customized thermal and mechanical interface for cryogenic applications.

Here I describe the design (Section 3.2) and characterization (Section 3.3) of the tiles,
along with its application within the Simons Observatory (SO) Large Aperture Telescope
Receiver (LATR) [33, 34] and Small Aperture Telescopes (SAT) [36]3. T also discuss potential

future applications in Section 3.6%.

3.2 Optical Design

The ideal baffling material minimizes reflection and scattering of light over the relevant range

of angles of incidence, while mechanically (and even cryogenically) fitting within optical

1. For example, HR-10 sheets from Emerson & Cummings.
2. For example, Tessellating Terahertz Radar Absorbing Materials (RAM), Thomas Keating Ltd.
3. The MMA tiles are also used in CCAT-Prime cam [56].

4. The following was published in Applied Optics in 2021 [18]. The paper was selected as Editor’s Pick
and given a press release here [57].
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Figure 3.1: Manufactured MMA tiles. The manufactured tiles are presented from different
perspectives. The top left photo shows one tile from the absorbing surface. A microscope
photo of the pyramids is shown in the insert. The pitch between pyramids is kept as 0.6 mm as
designed. The bottom left two photos show the back of the tile from two other perspectives.
The light weighting pockets are visible along with the brass injected M3 nut for fastening.
The photo on the right shows the assembly of 240 tiles installed on the wall of the optics
tube section (see Fig. 2.6). A ruler (~30cm) is placed in the center for scale. Note that the
absorbing surface appears to be black and featureless in the assembly photo. The condition
stays the same regardless of lighting in the room, which supports the effectiveness of the
AR-coating design even in optical.

systems. In the case of the SO LATR [10, 33-35], the desire to close-pack the optics tubes
limits the radial extent of the absorbing material to about 1 cm to avoid clipping the beam
near the front of the optics tubes (between Lens 1 and Lens 2 in Fig. 2.6).

A detailed study of the SO LATR optics tubes revealed that improving light absorption
near the front of the optics tubes would most significantly reduce optical power loading [14].
This study also showed that stray light on that section of the optics tubes ranges from 55°
to 90° relative to the surface normal, taking up ~2% of the solid angle. Controlling the
stray light in that section improves the telescope’s mapping speed by 40—80%,” significantly

increasing the sensitivity of the instrument. The Fresnel Equations show that the reflectance

5. Mapping speed is defined as 1/ NET?, where NET is the noise-equivalent-temperature (NET). More
details about mapping speed are available in [58].
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for dielectric materials approaches unity near grazing angles. To improve performance at
these high angles, the absorbers were fabricated with the absorbing surface tilted at 26°
relative to the normal of the optics tube surface (Fig. 3.2). The tilting reduces the angle of
incidence by 26° to < 64° (incoming light cannot exceed 90° angle of incidence) where the
absorbing surface provides desired optical performance. Note that the angle of incidence is
viewed in a time-reverse fashion here.

The goal of mass production led to the selection of injection molding carbon-loaded
plastics. The carbon content increases the optical loss of the plastic materials so that the
radiation is sufficiently attenuated within a small depth of bulk materials. However, the
carbon-loaded plastics have relatively high dielectric functions, leading to high reflectance
on a flat surface. Therefore, an effective anti-reflection coating is designed. The full design

and thermal testing is described in [18].

3.3 Optical Testing

Optical properties of the MMA tiles were measured for diffuse reflection, or scattering,
at 110 GHz and specular reflection in the frequency range from 90 GHz to 170 GHz. The
measurements also covered different angles of incidence. The results verified that the tiles
achieved the designed high absorptivity and low reflection and scattering.

The optical measurements were conducted at room temperature. A consideration in
using the technology at low temperatures is the following—the detailed composition and
realization of the material (e.g., amorphous lamp black, activated carbon, pyrolytic carbon,
graphite, etc.) influences the temperature dependence of the bulk resistivity and thus the
dielectric function of the plastic [59, 60]. From the measurement of the bulk resistivity
at 3K relative to ambient, this is a modest effect for the carbon loaded TPU formulation
explored here. The design of the MMA tiles is insensitive to the dielectric function of the

bulk dielectric mixture. Therefore, dramatic changes of the tile’s optical properties are not
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Figure 3.2: MMA tile design. A snapshot of a single tile design is shown. The tilted
upper surface has the pyramidal structures as described in Section 3.2. A zoom-in plot
shows details of the pyramidal structures, acting as a metamaterial anti-reflection coating.
Another insert on the right zooms in further and shows one single unit of the metamaterial
structure, with a pitch, p = 0.6 mm and a height, ~ = 1.5mm. The tile bottom is curved
to fit the cylindrical inside surface of the metallic optics tube, which is used for structural
support, heat sinking, and reflective optical termination for the absorptive tiles. A lip and
a dent are for seamless tessellating. A cross-section of the segmented tilted surface is shown
in the lower left part. In a time-reverse fashion, light rays coming from the left would hit
the tilted surface with a < 64° angles of incidence, where the absorbing surface achieves the
desired optical performance.

expected in cryogenic temperatures down to 3 K or lower.

3.3.1 Optical Hardware

In the measurement setup, a source emits a millimeter-wave through a feed-horn toward
a parabolic mirror, which then reflects a plane wave toward the sample, at an angle of
incidence controlled by a rotary stage. The signal reflected off the sample propagates to
a second mirror, followed by the receiver feed-horn [19]. The sketch of the setup is shown
in Fig. 3.4. Eccosorb HR-10 sheets are placed on surrounding surfaces to reject multipath

propagation. The alignment of the receiver is controlled with a three-axis stage. The tilt of
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Figure 3.3: Specular reflectance measurements. The two panels show the specular reflectance
measurements of the MMA tiles and the TK tiles at different angles of incidence, including
15°, 30°, 45°, 60°, and 65°. The samples are measured in W-band (90 GHz to 110 GHZ) and
D-band (130 GHz to 170 GHz). The left panel shows the W-band (90 GHz to 110 GHZ) and
D-band (130 GHz to 170 GHz) reflectance of the MMA tiles. The measurement gap in the
left panel is due to the different frequency bands of the two sources used in the setup. The
right panel measures the W-band (90 GHz to 110 GHZ) reflectance of the TK tiles. The two
panels share the same y scale for comparison. The measurement of a flat black polyethylene
sample without a AR-coating is included in both panels, which is conducted with a 30°
angle of incidence. Comparing the sample without an AR-coating (purple triangles) and
the MMA tiles (blue crosses), ~ —20dB specular reflectance reduction is achieved with the
metamaterial AR-coating.

the sample is controlled with a three-point micrometer mount.

3.3.2 Receiver Electronics

A correlation receiver is used for these measurements. The receiver compares a reference
tone to a signal which has passed through the optical path, creating an interference pattern
between the two [19]. The correlation receiver is summarized in Fig. 3.5. The Re-configurable
Open Architecture Computing Hardware (ROACH-2) board correlates the reference and
modulated signals [61].

The millimeter-wave source sends a signal, ranging from 10.5 GHz to 13 GHz, to a mul-
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Figure 3.4: Optical measurement setup sketch. The orange lines represent the beam as it
travels from the source feed-horn, collimated off of the first mirror and to the sample. After
being reflected /scattered by the second mirror, the beam is focused into the receiver to be
measured. Incident (6;) and receiver (6,) angles are controlled by a motor for measuring
different angles of incidence and scattered power.

tiplier which passes through a passive multiplying chain. The W-band (90—-110 GHz) and
D-band (130180 GHz) millimeter-wave sources use multiplication factors of 9 and 12, re-
spectively. The signal is then modulated by the sample. The modulated and the reference
signals are separately sent to two harmonic mixers. The mixers extract interference infor-
mation caused by the offset frequency and send it to the correlation device. This receiver
outputs the amplitude and phase of the signal in narrow (50 MHz) spectral bands. Only the
amplitude is used in this analysis, though I note that the phase information could be used

to improve these measurements in the future.

3.3.3 Measurement

In order to measure their optical properties, an array of tiles are screwed down to a 3D-
printed plate. The 3D-printed plate compensates the wedge shape of individual tiles so that
absorbing surfaces of all tiles are aligned and oriented upward, forming a 30.5x30.5 cm flat
surface (Fig. 3.6).

For comparison, we acquired the Tessellating Terahertz RAM from TK Instruments. The
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Figure 3.5: The correlation receiver setup diagram. A splitter sends one signal from a
millimeter-wave source to a Pacific Millimeter harmonic mixer, while sending the same signal
to be modulated by the device under test. The reference and modulated signal are mixed
with an LO with an offset frequency f,geet from the millimeter wave source. The two Pacific
Millimeter harmonic mixers extract interference information caused by fogeet and sends this
to the ROACH-2 field programmable gate array (FPGA) board where the two signals are
correlated.

TK tiles are 25 mm x 25 mm square tiles that can be tessellated to cover a flat surface. The
pyramidal structures (~2.5mm in pitch and height) on the optical surface are designed to
reduce the specular reflection and scattering in the 1001000 GHz region.

Although the TK tiles and the MMA tiles both have pyramidal structures on the optical
surface, they function differently. Pyramids in the MMA tiles, with the sub-wavelength scale,
act more as a layer of medium with changing index of refraction; while pyramids in the TK
tiles works more within the geometric optics regime to increase the number of bounces of the

incoming radiation, due to the adopted surface geometry [62]. The TK tiles have long been
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Figure 3.6: MMA measurement sample. MMA tiles are individually bolted into a 3D-printed
plate such that each absorbing surface sits flat to form a 30.5x30.5 cm testing surface.

the preferred absorbers in millimeter wavelengths due to their optical performance. The
measurement of the TK tiles (> 200 GHz) are available in the product website and published
literature [63]. Because the MMA tiles are optimized to perform well at the operating
wavelengths, an improvement in performance is expected. Even though the measurement
only verifies the performance within 90—-170 GHz, the MMA tiles are designed to work from

90—-270 GHz following the same physical principles.

3.4 Reflection Measurement

Once the setup is aligned using an aluminum plate in place of the sample, a calibration data
set is taken by measuring the specular reflectance of the same aluminum plate as a function
of frequency. The sample measurements are then normalized using the aluminum plate data.

Fig. 3.3 shows the reflected power measured for the MMA and TK samples, with the
MMA tiles measured from 90 GHz to 170 GHz and the TK tiles measured from 90 GHz to

110 GHz. The measured results demonstrate the relative performance of the two. For the
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MMA tiles, specular reflection is at sub-percent levels (<-20 dB) for all angles of incidence
except for 65° (~-15dB). Note that 65° is higher than the angle of incidence upper limit
in the SO optical design (see Section 3.2). To demonstrate the effectiveness of the anti-
reflection coating, a flat carbon-loaded polyethylene (PE) sample without an AR-coating
was measured. During the test, a proper flat molding material sample was not available.
Therefore, I measured the carbon-black loaded PE sample—with a lower dielectric function—
as a lower limit of the reflectance from a flat molding material sample. With the coating, the
MMA tiles reduce the specular reflection by ~ —20dB. Meanwhile, the specular reflection
from the TK tiles is 5-10dB higher than that from the MMA tiles at different angles of

incidence.

3.5 Scattering Measurement

The scattered power off the surface of the sample is determined by measuring the received
power as a function of the receiver’s angle, fixing the source feed horn at a set angle (Fig.
3.4). The source (incident) and receiver (scattered) angles are controlled by two rotary
stages. The radiative source sends one frequency and is held at a constant position (i.e.
angle of incidence), while the receiver sweeps across different angles. Fig. 3.7 shows the
scattering measurement with a 110 GHz source at four angles of incidence: 15°, 30°, 45°,
and 60°. To account for the uneven surface of the samples, scattered power is measured
and averaged over 17 rotations of the sample (Fig. 3.6). Then error bars (in Fig. 3.7) are
estimated from the 17 measurements as the standard error of the mean. The measurements
show that wide-angle scattering is suppressed to <-40dB (< 0.01 %). All measurements are
referenced to the specular reflection data from the aluminum plate.

The integrated scattering power is calculated by integrating the scattering over the corre-
sponding solid angles (Eq. 3.1). The sample’s fractional integrated scattering power, denoted

as S, is normalized by the total integrated input power where B is the sample measurement,
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Figure 3.7: Scattering measurement. The four panels show front scattered power off the
sample with the source located at four angles of incidence 6;: (a) 15°, (b) 30°, (c) 45°, and
(d) 65°. The source was set at 110 GHz. Each of the measured data points was averaged
over 17 different sample rotation angles, from which the associated error bars were also
estimated. The error bars are too small to be visible at these y scales. The vertical black
lines indicate the position of the specular reflection directions. The blue data points show
the results from the MMA tiles, while the red data points show the results from the TK
tiles. The TK tiles are measured to have an overall higher scattering than the MMA tiles,
which leads to a higher integrated scattering power, as shown in Table 3.1.
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o1 15° 30°

MMA 0.49 £ 0.12 &
0.03% 0.002%
TK 0.67 + 0.53 +
0.02% 0.01%

0 45° 60°
MMA 0.27 £ 198 &
0.01% 0.02%
TK 0.83 + 2.24 +
0.01% 0.02%

Table 3.1: Integrated scattering power (in percentage) with different source angle of incidence
01 at 110 GHz for MMA and TK tiles. Integration is from g = 0° to 45° away from the
specular reflection direction. The cited error is calculated from the standard error of the
mean over the 17 repeated measurements for each angle of incidence.

A is the normalized aluminum plate reflection and scattering profile, and 6, is receiver angle.

S — / " Bsin(6y)dé, / / " Asin(6,)d6y. (3.1)
0 0

This work does not include the power beyond 45° (7/4) away from the specular reflection
direction, considering its negligible contribution. I calculate the integrated scattering power
for our MMA tiles and the TK tiles, listed in Table 3.1. The results demonstrate the MMA
tiles have lower integrated scattering power compared to the TK tiles, meeting the 1%

requirement for angle of incidence < 45°.

3.6 Future Applications

Flat and square MMA tiles were manufactured, in quantities of > 10,000, for more general
use. The square tiles come in the size of 2.5cm x 2.5cm with the same anti-reflection
coating (Fig. 3.8). Each of the flat tiles weigh ~ 4 g. Tessellating features cover the sides of
the square tiles: two sides of the square overhang as lips, while the other two sides indent.
These features enable seamlessly tessellating copious number of tiles together. Given the

limited thickness (~ 6 mm), an injected nut cannot be installed; instead a shaft was designed
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Figure 3.8: Manufactured square tiles. The 2.5cm x 2.5cm flat tiles are also manufactured
via injection molding with the same pyramidal structure on the absorbing surface. The main
photo on the bottom shows two square tiles from the front and the back. Major features
on the tiles were denoted as well. A microscope photo of the pyramids is shown on the
top left. The photo shows sharp features of the pyramids, which are only 0.6-mm wide and
1.5-mm tall. The pyramids show sharper features compared to the ones in the tilted tiles
(Fig. 3.1). That is because the square tiles are smaller with a simpler shape, which facilitates
the manufacturing process.

on the back for alignment. For fastening, four over-sized M2 screw holes were designed on
the tessellating lip. Correspondingly, four recesses for the screw head (from adjacent tiles)
were designed on the tessellating dent (see Fig. 3.8). This version of MMA tile is designed
to be applied on any flat surfaces by tessellation. They are already used to cover both sides
of the Lyot stop in the SO LATR optics tubes (as shown in Fig. 2.6). The tile-covered Lyot
stop assembly has been tested at 4 K for thermal properties.

Given the vast potential in customization, the MMA tiles provides a viable solution to
blacken cryogenic surfaces with diverse geometries. Therefore, the technology can be useful

for many future cryogenic experiments.
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3.7 Discussion

The metamaterial absorber (MMA) provides an effective, novel, and low-cost solution to
absorb millimeter-wave radiation at cryogenic temperatures. Once the injection mold is
manufactured, the tiles are mass-produced at low cost (< 1/10 of conventional methods)
with a thousands-per-month production rate. Both the initial mold machining and injection
molding were performed completely by an external shop, without any involvement from the
research group.

The design philosophy breaks the overall surface into basic tiles, facilitating their appli-
cation to an extended surface. Unlike painted absorbing surfaces, the modularized design
allows for the easy replacement of tiles, should part of the surface be damaged. The wedge-
shape tile introduced in this paper is designed to work in a specific cylinder for Simons
Observatory and CCAT-Prime. But different geometries, such as flat square tiles, are also
available with similar optical performance.

The absorber was successfully cooled down to 1K with a single thermal contact. The
optical properties, including specular reflection and scattering, were measured at different
angles of incidence in the frequency band from 90 GHz to 170 GHz. The specular reflection
is < —30dB for angles of incidence < 45°. Even at 65°, the specular reflection is only
~ —15dB. The integrated scattering power is less than 1% with the angle of incidence
< 45°. Even though this application was tailored for the frequency band from 90 GHz to
270 GHz, the metamaterial anti-reflection coating parameters can be suitably adjusted for
use at longer wavelengths. The carbon grain size of this commercially available material
and the injection molding process limit the suitability of direct scaling this design to shorter
wavelengths. The use of a similar dielectric mixture with carbon lamp black and a lower
volume filing fraction could be employed to address this challenge.

The MMA technology enables a high level of customization in the design. For future
cryostat development, customized tiles can be designed and manufactured in this way to

achieve the enhanced absorption properties, while fitting the geometry of specific cryostat
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designs. As sensitivity of detectors improves in the coming years, this technology to control
optical systematics becomes even more critical for achieving the ambitious science goals in

cosmology.
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Chapter 4

Silicon Properties at Millimeter

Wavelengths

4.1 Introduction

Low loss is crucial in the warm optical design. Silicon is a potentially attractive material
for such applications. Datta et al. 2013 showed that Silicon can be machined to produce
very high quality anti-reflective (AR) meta-surfaces to reduce the reflected power from the
natural 30% to levels in the few tenths of a percent range [47]. The key development
required is identification of a source of Silicon with low dielectric losses at room temperature.
Substitution of a lens with lower dielectric losses could therefore make a substantial impact
on the sensitivity of this instrument. To better understand the types of available materials,
we have made precision measurements of the dielectric properties of two types of Silicon.
Dielectric loss and its associated thermal emission is a key driver for sensitivity in mil-
limeter wave receivers. A low loss implies low emission from a material, therefore limiting

thermal noise propagating through to the detector. The contribution to the thermal noise
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due to loss, Tgys, can be calculated as:

Tyys = Teomp(L — 1) (4.1)

where Ttomp is the physical temperature of the component, L = exp(2mntan(d)/Ag) is the
optical loss, n is the index of refraction, tan(d) is the loss tangent, ¢ is the sample thickness,
and )\ is the free-space wavelength. The noise due to loss can be reduced in two ways:
lowering the temperature of the component, and using materials with lower intrinsic loss.

Since it was first reported in Parshin et al. [64] and included in the Lamb 1996 com-
pendium of mm-wave material properties [65], the promise of Silicon as an intrinsically
low-loss mm/sub-mm optical material has tantalized the astronomical community. More re-
cently, Krupka et al. 2016 [66] reported on the result of a loss tangent in Ka-band and Q-band
(= 27 — 40 GHz) on the order of tan(§) < 107° at room temperature (= 300 K) for samples
of proton-irradiated high purity FZ Silicon, but measurements in W-band (~90 GHz) and for
neutron-irradiated samples are lacking. We address this here using coherent reflectometry
measurements.

In Section 4.2 we detail the optical hardware and the receiver electronics used to measure
the optical properties. We also describe the two Silicon samples analyzed in this work;
intrinsic and neutron-doped Silicon. Section 4.3.1 details the mathematical model and fitting
method used to determine the optical properties from reflectivity data. The resulting optical
properties are presented in Section 4.4. Lastly, we discuss implications of the results for

optical performance of the telescope in Section 4.5

1. The following was published in the proceedings from the 8th ESA Workshop on Millimetre-Wave
Technology and Applications in 2018 [19].
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4.2 Procedure

Here we describe the hardware used to take the reflectivity measurements of both materials,

including optical hardware and receiver electronics.

4.2.1 Optical Hardware

A feedhorn source sends a millimeter wave signal to a parabolic mirror, which sends a plane
wave toward the sample, typically at a 10° angle of incidence. For these measurements,
the sample is a dielectric slab immersed in air. A portion of the signal is reflected to the
first air-dielectric boundary, and the remaining signal propagates through the sample, where
it again partially reflects from the second dielectric-air boundary, leading to a Fabry-Perot
interference in the dielectric cavity defined by the sample. The reflected signal propagates
to a second mirror, followed by the receiver feed horn. The geometry is shown in Figure 3.4.

Eccosorb is placed on surfaces outside the beam in order to reduce and absorb unwanted
reflections. The alignment of the receiver is controlled with a three-axis stage. The tilt
of the sample is controlled with a three-point micrometer mount. This angle is chosen by
placing an aluminum plate in the sample holder and maximizing the received signal at a
single frequency. Once the setup is aligned, a calibration data set is taken by measuring the
reflectance of the aluminum plate as a function of frequency. This dataset serves to define
perfect reflection. The aluminum plate is then replaced with the sample (Silicon here) and
the measurement is made. The response of the Silicon sample measurement is divided by
the response of the aluminum plate to yield a measurement of the reflectance of the sample

as a function of frequency.

4.2.2 Receiver Electronics

A correlation receiver designed for a holography system is used for these measurements. The

receiver compares a reference signal to a signal which has passed through the device, creating
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an interference pattern between the two. The holographic imaging setup is summarized in
Figure 3.5. The Re-configurable Open Architecture Computing Hardware (ROACH2) board

correlates the reference and modulated signals [61].

4.2.3 Samples: Neutron-irradiated and Intrinsic Silicon

Two samples were provided by Topsil for testing. The samples as cut exhibited curvature
and uneven thickness of approximately 15mm. A professional third party was contracted
to grind and polish the samples flat and parallel. The resulting thicknesses are reported in
Table 1, and are accurate to scales < Ao measured with a micrometer. The Silicon is made
with Float Zone mono growth in an oxygen-free environment, reducing risk of generating

thermal donors during high temperature processes [67].

4.3 Reflectometry and Transmissivity

We measured the transmission and reflection of these samples. The data are shown in
Figure 4.1. Here we detail the model used to determine the optical properties of the samples,

and the MCMC method used to fit the model to our data.

4.3.1 Modeling

We model the dielectric slab with a complex index ng = n,.+1in;. Air is treated with a purely
real index n1 =. The refracted angle in each layer is calculated using Snell’s law, where 61
is the incident angle and n; is the free-space index of the first layer (i.e. ny in Eq. 4.2). The

setup began at an incidence angle of 10°.

A9 = arcsin (ﬂ sin 91) (4.2)

n2
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Figure 4.1: Reflectivity of intrinsic (top) and neutron-irradiated (bottom) Silicon against
frequency [GHz].

The experiment exclusively uses TM mode signals, where the reflected and transmitted
coefficients theoretically predicted by [68]:
nq cos g — no cos 1

pu— 4-
ki nq cos 0y + noy cos 0 (43)

2n1 cos 0
T — 1 1
ng cos 1 + nq cos o

(4.4)

tan(d) = 2n; /ny (4.5)
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Using Eq. 4.3 and Eq. 4.4, where the parameter no is the fitting parameter, the material

index is extracted from measurements.

4.3.2 Fitting

The loss tangent (or equivalently complex part of the index) leads to a reduction in the depth
of the reflection nulls for this signal. The cancellation of the incident and reflected waves is
more perfect for lower loss tangent. Therefore, the nulls in the reflection are crucial to get a
reliable constraint on the loss. We also note that one of the dominant systematic effects is
standing waves between the source and receiver horn. This systematic includes a reflection
from the sample. Therefore, this noise is minimized near the nulls. For this reason, we fit
the data only where the reflectance is below some threshold (typically R < 0.01, though,
varying this by a factor of a few has no impact on the results). The weighing of each data
point scales as the inverse of reflectivity to force the fit to focus on the depth of the nulls. We
test that the analysis doesn’t depend on this weighting by doing describe. We implemented
a Markov Chain Monte Carlo (MCMC) algorithm for fitting the reflectivity model to our
measurements using the Python package pyMC, with the real and imaginary components
of the index of refraction as fitting parameters [69]. The MCMC algorithm samples the
probability distribution of each parameter, in this case the probability of two parameters in
the reflectivity model matching the measured reflectivity of the sample. This method was
used to fit the measurement to the model, yielding, the real and imaginary components of
index of refraction of the sample. The loss, tan(d), of the material is then calculated using
Eq. 4.5.

The error bars of loss values are calculated with two methods. The first method is the
MCMC error computation with the pyMC package in Python. To check these values, each null
is fit individually using the MCMC algorithm, yielding an array of parameter values. The
root-mean-square (RMS) of these values is then calculated, yielding the RMS error. Both

methods yielded nearly equivalent loss error results, and we therefore report the MCMC loss
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’ Silicon ‘ Neutron ‘ Intrinsic

n 3.415 3.412
tan(d) x 107° 2893 £1.21 1.47£0.09
D [mm] 13.68 £ 0.1 13.56 £ 0.1

Table 4.1: Optical properties of Silicon. Properties extracted from the data when fit with the
theoretical model. Properties n is the index of refraction, D is the thickness of the sample
in millimeters, and tan(d) is the loss tangent.

error in Table 4.1. The error in index of refraction is not reported as it is likely included
in the uncertainty of the thickness, while the MCMC reported a negligible error for this

parameter.

4.4 Results

The index of refraction of neutron and intrinsic Silicon are nearly identical, with n = 3.415
for neutron-irradiated Silicon, and n = 3.412 for the intrinsic Silicon samples. The neutron-
irradiated sample has tan(d) = 2.8 x 10~4, while the intrinsic Silicon is nearly an order of
magnitude better, with tan(§) = 1.5 x 107°. See Table 4.1 for a summary of the measured
and inferred properties.

The reason for the higher loss in the neutron-irradiated sample is unclear, as the loss
tangent should improve for materials with higher resistivity if dominated by the conduction
loss term. As the resistivities of the neutron-irradiated and unmodified intrinsic Silicon
samples were measured by Topsil to be > 100k — em and > 50k Q2 — cm, respectively,
the expectation is that the neutron-irradiated sample should have less loss. One possible
explanation is that the lattice defects introduced by neutron irradiation contribute to the

loss.
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4.5 Discussion

We have presented the characterization of optical properties for two Silicon samples using
a radio holography setup. The resulting values for the loss tan(d) from MCMC fits to our
measurements of the unmodified intrinsic Silicon sample are comparable to those reported
in Parshin et al. 1995 [64]. Further, our measured low loss in intrinsic Silicon demonstrates
it can be a compelling material for use in warm optics. Krupka et al. [66] also report a
tan(d) ~ 1.2 x 1079 for proton-irradiated Silicon, which is lower by more than 3¢ than our
measurements of intrinsic Silicon, but on the same order of magnitude. Our work shows
promise for the use of intrinsic Silicon for room-temperature optical components, such as
those required for the lower bands of the Atacama Large Millimeter/Sub-millimeter Array
(ALMA) and potential future CMB experiments. While this specific material will not be used
on Simons Observatory, the characterization method is broadly applicable to components

used in millimeter-wave reflector experiments.
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Chapter 5

Characterizing the Large Aperture
Telescope Receiver with Radio

Holography

5.1 Introduction

Realizing the SO science goals depends on achieving stringent sensitivity requirements and
controlling systematic effects to be subdominant to the statistical noise. To achieve this,
the optics tubes must have clean beams with well-controlled side-lobe power. Testing these
aspects of the optics tube performance in the lab is challenging. Previously, these parame-
ters were verified on ground-based CMB radio telescope systems upon deployment [70, 71].
In this paper, we present a new approach to laboratory testing of these systems using the
technique of near-field radio holography. Holography is an instrumentation technique used
to measure the complex monochromatic electric field wavefront using the interference be-
tween a modulated and non-modulated signal. Radio holography takes advantage of the
antenna theory relationship: the far-field radiation pattern of a reflector antenna is the

Fourier Transformation of the field distribution in the aperture plane of the antenna [70].
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receiver

Figure 5.1: The Simons Observatory (SO) Large Aperture Telescope (LAT), featuring a
segmented primary and secondary mirror. The mirror’s focus is hidden inside the conical
baffle near the front of the receiver. The receiver can hold up to thirteen optics tubes.
Source: The Simons Observatory Collaboration.

Within radio beam characterization, several techniques exist; 1) scalar beam pattern
characterization [72], or measuring only the magnitude of the wavefront, 2) vector beam
pattern characterization [73, 74], or measuring the amplitude and phase of the wavefront,
and 3) holographic beam pattern measurement [74, 75|, which we explore here. While
scalar beam pattern characterization requires the beam to be measured at multiple planes
along the propagation axis, and vector beam characterization records one complex map,
holography records two beam maps (one modulated by the optical element and the other
used as a reference) to reconstruct the complex wavefront [70, 76]. Additional use of radio
beam characterization is phase retrieval holography, with applications in electron microscopy,
optical imaging, and crystallography [77].

Near-field holography allows us to study the wavefront as it emerges from the optics tube,

based on the reciprocal theorem, from the cryostat. Using Fresnel diffraction (FD) [78], these
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measured fields can be propagated through the optical system to determine the spilled power
past the mirrors of the telescope and the far-field beam pattern of the telescope fed by this
receiver. Moreover, these beams are useful for the identification and mitigation of optical
problems within the receiver (i.e. optical aberrations, focus, scattered power, etc.). These
measurements enable a detailed verification of system-level optical performance prior to the
deployment of a receiver on a telescope.

In Section 5.2 we describe the optical design and components of the SO optics tube. In
Section 5.3 we describe the measurement approach including the cryogenic receiver (5.3.1)
and holography hardware (5.3.2) required for measuring beam maps (full details can be
found in Appendix A.1). In Section 5.4 we present the measured beam maps. Section 5.4.2
discusses analysis methods to propagate the measured beams into the far-field using FD. We
present characterization of the optics tube with and without an infrared-blocking filter in
Section 5.5. Section 5.7 details the publicly available code. We conclude with a discussion

of future applications of this approach in Section 5.81.

5.2 SO Large Aperture Telescope Optics Tubes Design

The LAT is a crossed-Dragone telescope with a 6 m pupil diameter (Fig. 5.1). The LAT
Receiver is designed to house thirteen optics tubes, which guide photons onto cryogenic
detectors. These optics tubes must maintain excellent beam quality while also limiting the
wide-angle scattering. The scattering is critical to the ultimate sensitivity of the SO LAT
since every percent that is scattered leads to 3 K of extra noise and a 15(10) % reduction in
mapping speed in the 90(150) GHz bands which are critical for the SO science.

Figure 5.2 shows the LATR optics tube [10]. Light enters through a 3 mm thick ultra-high
molecular weight polyethylene hexagonal window with an anti-reflection coating [33]. Three

anti-reflection coated silicon lenses [47, 48] control the beam size and shape, which re-images

1. The following was published in Applied Optics in 2022 [16], with Section 5.6 added after publication.
The paper was selected as Editor’s Pick and given a press release here [79].
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Figure 5.2: The Simons Observatory LATR optics tube. Light enters the optics tube from
the right through an ultra-high-molecular-weight polyethylene (UHMWPE) window, and
travels through a series of Infrared-Blocking filters (IR), including one alumina IR filter,
and passes through the 4 K Low-Pass Edge mesh filter (LPE). The light is focused on the
detector arrays on the left by the three lenses, with two additional LPE filters near the 1 K
and 100 mK stages. The components within the optics tube are further described in [10].

from the focal plane onto three hexagonal detector wafers. Each lens is accompanied by a
low-pass edge filter (LPE) [80]. The light is coupled onto the detector wafers using arrays
of drilled spline profile feed horns and the polarization is coupled onto the wafer with an
orthomode transducer [81, 82]. Along this path, the light passes through a succession of
band-defining and infra-red blocking filters [80]. From the sky side these are a 300 K IR
blocking filter, an 80 K IR blocking filter, an 80 K IR rejecting metamaterial anti-reflection
coated alumina filter [48, 83|, and a 40 K IR blocking filter [84] prior to entering the optics
tube. The filter configuration is described in [33]. Between lenses 1 and 2, the walls of
the optics tube are coated with baffling metamaterial tiles, described in [85], which control
scattering. The full cold-optical design is described in [86]. All optical elements in the optics

tube are between 4 K and 100 mK.
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5.3 Measurement Approach

Here, we describe the hardware and software used in these holography measurements. Fur-
ther details can be found in Appendix A.1. For this discussion we divide the system into a
cryogenic system mounted in the optics tube and a holography system comprised of a source,

correlation receiver, and motion system.

5.3.1 Cryogenic System

The optics tube is housed in a test cryostat called the LATR tester [87]. The cryostat holds
and cools a single optics tube and provides support for detector readout. This setup supports
up to three detector arrays. In the test configuration, two are bolometric arrays [82] and the
third is used for the holography measurements.

The holography array consists of a feedhorn array identical to that used for the bolo-
metric detectors, but with standard wave guide flanges at the outputs. A receiver consisting
of a round to rectangular wave guide transition and a harmonic mixer is attached to this
feed array. The mixer was designed to operate from 70-110 GHz, but was found to operate
satisfactorily up to 170 GHz. For operational simplicity, we used this mixer over our full
frequency range from 80-170 GHz. A second identical receiver was also connected for redun-
dancy, but not used in the measurements described here. Two 0-18 GHz coaxial connections
were made from the receiver to connectors at the cryostat wall. There are heat sinks spaced
along the coaxial cables between the focal plane, which was operated at 4 K while doing
holography, and the 300 K cryostat wall. A separate cool down was used to measure the
loss along these coaxial feed lines. The loss was found to be 23dB at the LO frequency
(10-13 GHz). Accurate knowledge of the loss along the feed lines is critical for providing
the correct amount of power to the mixers in the focal plane. The loss at the intermedi-
ate frequencies (IF) (100 MHz) is significantly lower and not critical to the function of this

system.
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Figure 5.3: Schematic of holography setup. Two local oscillators (LOs) supply frequencies
(LO1 and LO2 = LO1 + fg), one of which is multiplied by the active multiplier factor
M | while the other serves to down convert the reference and modulated signals into the
intermediate frequency.
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5.3.2 Holography System

Figure 5.3 shows a schematic overview of the LATR tester (LATRt) holography hardware.
Two millimeter-wave sources are used to measure the full SO Mid-Frequency (MF) band:
F90 (80-120 GHz) and F150 (130-170 GHz). Only one is mounted at a given time (one of
which has a multiplication factor of 8, and the other with 12). These sources are broadcast
into the receiver using standard gain feed horns held close to the window (4.5 cm in F90 and
11.5¢cm in F150 due to the different attenuator waveguide lengths). We therefore expect
different measured beam sizes between the two sets of frequencies, since the beam expands
as it leaves the optics tube.

A motorized two-dimensional stage holds the source and is mounted on a support struc-
ture above the LATRt. During a measurement, the source (frequency is fixed) is moved over
a 50 x 50 cm range with 0.25 cm steps (black arrows in Figure 5.3). One map takes roughly
12 hours to complete.

A common local oscillator (LO2 in Figure 5.3) is fed to two harmonic mixers: 1) picked off
from the source and 2) at the output of the cryogenic receiver. The IF signal from both mixers
in the 0-125 MHz band is amplified and passed to a digital correlator (Casper ROACH2 [61])
which computes the complex correlation between the two signals [19]. The FPGA on the
ROACH2 board outputs the amplitude and the phase of the correlated output, subdivided
into a number of 100 kHz wide bins. Only the bin associated with the IF frequency is used in
subsequent analysis. The software to program and analyze output from the FPGA is made
public on the McMahonCosmologyGroup GitHub page in a package called holog-exp [88].

Appendix A.1 provides further details to the hardware of the holography setup.
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Figure 5.5: Near-field band-averaged MF1 and MF2 beams, simulated and measured with
radio holography. Left panel: Radially binned. Right panel: 2D simulated and measured
near-field beams.

5.4 Results and Interpretation

5.4.1 Near-Field Beam Maps

Figure 5.4 shows the power and phase of the beam maps at each frequency for which the
measurement was carried out. A variable attenuator at the output of the source was used
to optimize the amount of signal entering the optics tube, to ensure power was not too high
such that the measurement was saturated, but to also ensure the signal was high enough
for signal-to-noise greater than 45dB. As stated in Section 7.5.5.3.2, the F90 source hangs
closer to the window than the F150 source (due to different attenuator lengths), and for this
reason, we expect the F90 beams to be smaller than the F150 beams.

Figure 5.5 shows the band-averaged near-fields compared to the simulated band-averaged
beams. The shape of the main beam was found to be in good agreement with simulations

at all frequencies. The asymmetric feature seen in the main beam at 160 GHz is believed to
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be associated with an extra mode in the round wave-guide of the receiver. Even with this
feature, the radial profile is in very good agreement with the theoretical prediction (within
10% at the -20dB level) (Figure 5.5). The hexagonal side-lobe seen in each beam map are
associated with scattering from within the optics tube and out the hexagonal window. The
phase indicates the direction of propagation of the beam in space. This suggests that the
field of the near-field side-lobes is diverging (or propagating away from the center of the

optical path) less quickly than that of the main beam.

5.4.2 Propagation of Fields
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Figure 5.6: All beam maps propagated at the secondary illumination of the Large Aperture
Telescope. The spilled power to 300 K is calculated by integrating power outside the bound-
ary of the secondary (red line) with respect to total integrated power of the map.

The performance of the LAT optical system is assessed in detail by using the amplitude
and phase of the measured beams to calculate the fields as they propagate through a virtual
telescope. This enables calculation of the far-field beam of the telescope, and the amount of
signal “spilled”, or lost, at the LAT secondary mirror. This represents a unique capability

of holography measurements which is critical in assessing the overall performance of this

system.
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Fields at Secondary Illumination

To determine the amount of power spilled to 300 K, we propagate the measured fields forward
and onto the plane of the secondary mirror (approximately 12 m away from the measurement
plane. This is carried out by using the Fourier relationship between the near-field E(x,y)

and far-field B(f,, 0y) beams [70, 89]:

Bor6) = [ Bla.g)e KOO0 dr dy (5.1)

aperture
where the complex electric field E(x,y) is integrated over the area of the aperture, and A is
the wavelength.

Figure 5.6 shows beam maps propagated to the secondary mirror of the LAT, with the
boundary of the secondary mirror in red. To quantify the spilled power, we integrate the
power outside the boundary, and then normalize to the total integrated power of the beam
map. We find the average spilled power in the F90(150) detector band is 0.65 (0.68)% with
no significant frequency dependence. This is below the design target of 1% and indicates
the sensitivity of SO should not be compromised by spilled power to 300 K. This estimate
excludes the LATR forecone, a reflective cone of 31.5° in front of the LATR focal plane, which
reflects spilled power onto the secondary mirror [42]. Therefor, this method over-estimates

the amount of spilled power to 300 K [14].

Far-Fields

To propagate the measured near-fields into the far-field, we use a virtual telescope to produce
the fields from a distant (100 km) point source on the measurement plane. We then multiply
this field with the measured near-field beam in the corresponding plane. Integrating the
resulting field over the area of the focal plane produces the amplitude and phase of the far-
field at that point. We then rotate the telescope in azimuth and elevation and repeat this

process to produce a full beam map in the sky.
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Figure 5.7: Top row: Using FD, the LATRt measurements are propagated through the
LAT from the near-focal plane, to the far-field. Bottom row: Radial profile of the mea-
sured(simulated) far-field beams in the F90 and F150 bands, plotted in red(black). The
lack of diffraction rings in the radial average is explained by the convolution of the measure-
ment (simulation) due to the rectangular source aperture physically in the setup (artificially
in the model, see Appendix A.2).

The holography source emits its signal out of a rectangular feedhorn with a finite size.
The resulting near-field beam is convolved by this rectangular aperture [78]. This method
of convolution is commonly used when analyzing fields measured with rectangular horn
faces [90, 91]. Interpreting this measurement requires accounting for this effect, which

amounts to a convolution of the electromagnetic field from the optics tube with the field
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pattern on the aperture of the feedhorn. The impact of this convolution is to broaden the
F90(150) far-field beam by 12.2(4.7)% and to create square diffraction spikes in the raw
far-field calculation [78].

We account for this effect with forward modeling, which is described in Appendix A.2.
To fully simulate the far-field beam of the LAT including the optics tube, we first simulate
the optics tube using solat-optics as described in [92]. This produces the near-field beam
at the front of the optics tube, which is then propagated into the far-field the same way the
measured near-field beams are propagated through the virtual telescope. The resulting far-
fields after diffraction spike removal are shown in Figure 5.7. These plots are band averaged,
including data from 80-110 GHz in the F90 band and 130-170 GHz in the F150 band. The
radial binned far-field holography data are compared to simulations. These comparisons show
that the holography data are consistent with the predicted F90(150) FWHM is 2.18(1.38)’
and with low ellipticity with no unexpected features such as the “little-buddies” seen in the

ACTPol experiment [14, 93].

5.5 Filter Removal

We have described the holography results from the final instrument configuration. However,
in the initial SO configuration, which contained an additional filter (1K Low-Pass Edge
(LPE) filter in Figure 5.2), we found extra signal outside the main beam from the window
(hexagon at -20dB) at all frequencies. While these side-lobes did not significantly change the
spilled power to 300 K, they would have reduced optical efficiency and led to an enhancement
of near side-lobes of the on-sky beam.

To study the frequency dependence of side-lobe power, we computed the integrated frac-
tional power outside the main beam. We define the main beam radius as 13.5cm, where
the beam drops below -20 dB. Figure 5.8B shows the integrated fractional power outside the

main beam as a function of frequency, and also the measured reflectivity of the 1K 6.8 cm™!

60



1K Filter Window
A : B

|

With Filter Filter Removed

0
- * '
-20
—8— Sidelobe power: with filter
12,51 20
-30
10.0 10
7l5> .
-40
5.0r
-10
2.5n
N EES F150
0.0z - - —20 0 50

) 700 120 140 160 20 -20 0 20
Frequency [GHZz] x [ecm] x [em]

I

Focal 7\

Plane Lyot Stop E

C 500mm >
Sidelobe Power & Reflectivity (1-Transmission)

< 1K LPE |

—=15.0r —A— Sidelobe power: no filter

Normalized Power [dB]

Filter Reflection (1-Transmission)
y [em]

Figure 5.8: A) Time-reversed ray-trace of the SO LAT Optics Tube (OT) with one filter
(orange), near the second lens. With 0% on-axis reflectivity of the filter, rays(blue) emerge
from the focal plane and exit the OT window. With an on-axis reflectivity of 5.64 % (average
LPE filter reflectivity in the full band), rays reflected off of the filter(red) go back to the
reflective focal plane (copper and reflective), and then propagate out the front of the window.
This is verified in the simulation, as the main beam in front of the OT shows the shape of
the focal plane at -25dB. B) In orange is the measured reflectivity (1-transmission) of the
6.8cm ™1 LPE filter, which is placed at the 1-K stage in the optics tube. The red(blue) line
shows the measured integrated fractional power outside the main beam at each frequency
with(without) the filter in the optics tube. C) Band-averaged near-field beam maps with
and without the filter in the optics tube. With the filter, beam maps show extra scattering
in the top parts of the map, through the upper portion of the LATRt hexagonal window
(hexagonal power around the main beam at roughly -20 dB due to reflection).

LPE filter [80].

Comparing the side-lobe power to the reflectivity measurements of all filters in the optics
tube, we noticed the closest resemblance to the 1 K LPE filter. To investigate the effect of
a reflective 1 K LPE filter, a simulation in Zemax [94] shows the expected measured signal
due to reflectivity of a filter (Fig. 5.8A). The simulation predicts that rays are reflected off
the filter and end up outside the main beam as the rays exit the LATRt window.

After removing the LPE filter from the optics tube and repeating the holography measure-

ments, we measured a decrease in side-lobe power. Figure 5.8C shows the reduced near-field
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side-lobe power following the removal of the filter, and the comparison of the side-lobe power
with the filter in place. With the filter removed, the new side-lobe fractional power across
the band is 1.9%, a factor of 3 lower. The tests presented above do not include this filter.
This provides a concrete example of how holography measurements can be used to optimize

cryogenic optical systems.

5.6 Cross-Polarization

Because the holography source is linearly polarized, we measure the polarization modulation
of the optics tube. The source emits the TM-mode out of the rectangular waveguide, which
is measured by the coherent receiver at the back of the optics tube. To modulate the
polarization of the signal entering the optics tube, we use a polarization grid which separates
the two linear polarizations.

We measure the polarized signal for a co- and cross-polarized source. The co-polar source
outputs a TM-mode aligned to the harmonic mixer’s waveguide in the focal plane. We attach
a 90° twist waveguide such that the source’s TM output is perpendicular to the harmonic

mixer’s waveguide.

5.6.1 Modeling

We separate the polarization in the model as three sources of polarization modulation: the
polarizing grid, the instrument (optics tube), and the detector (to account for any cross-
polarization from the feedhorn). To model the power measured by the detector P,,; received

at the back of the optics tube, we modulate a linearly polarized source with Mueller matrices:

ﬁout(e) = gd((bda E) : MOT ' Mg(&ﬁg) ' gs (’52>

where 6 is the rotation of the polarizing grid, ¢, is the angle of the detector, € is the cross-

polarization of the detector, and 74 is the efficiency of the polarizing grid. The receiver is
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Figure 5.9: Left: Polarization measurement setup on the LATRt. The dielectric polarizing
grid sits over the holography receiver’s beam path and rotates about the vertical axis, polar-
izing the source as it enters the cryostat. A hexagonal aluminum plate covers the rest of the
window and is secured in place with aluminum tape. Right: Polarized beam power (band-
averaged from 85-120 GHz) as a function of grid rotation, measured with the holography
setup described in Section 5.3. Co-polarization (blue) holds the source waveguide aligned
with the receiver orientation. Cross-polarization (green) uses a 90° waveguide to make the
source aligned perpendicular to the receiver orientation. The polarization model (Eq. B.1)
is fit using an MCMC and with no instrument polarization.

already slightly rotated from perfect alignment from the source, since the tester-array re-
quired slightly tilted holes to mount the receiver. Therefore, we include this in our polariza-
tion model as the parameter ¢4. We find a degeneracy between the instrument polarization
parameters and therefor exclude them in the fit. The source is modelled as its Stokes pa-
rameters S s, with intensity / = 1 and linear polarization Q = £1 (switch the sign of ) when
waveguide twist is added to the output of the source horn). The model is derived in detail

in Appendix B.

5.6.2 Results

Figure 5.10 shows the measured power (co- and cross-polarized) as a function of grid tilt,

for both co- and cross-polarized sources. We measure the received power at 85-120 GHz in
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5 GHz increments, and at grid tilts from 0-360°, in 10° increments. From the data, we use
an MCMC to constrain the detector tilt ¢ge, grid efficiency 7,44, and cross polarization e.

Error is estimated as the standard deviation across the mid-frequency band f:

S(0) =/ %W (5.3)

Figure 5.10 shows the constrained parameters obtained by fitting the holography polar-
ization data to the model (Eq. B.1). The detector angle ¢qe¢ is constrained to —30.62“13%’769,
the grid efficiency 7yyiq is constrained to 97.00%1“8:%%, and the cross polarization € less than
1%. The source emits a polarized signal, which is then additionally polarized by the grid.

For this reason, the holography data cannot constrain the instrument polarization. We omit

the instrument polarization from the model when fitting the holography polarization data.

5.7 Public Code

Here, we describe the software used for the holography data acquisition and analysis, all of
which are made public. The software is two-fold; 1) the solat-optics module for simulating
the near- and far-fields of the LAT telescope from the LATRt holography measurements and
2) Open Source Holography: a website detailing software and hardware to replicate the

holography measurements [88].

5.7.1 Optics Simulation

The solat-optics code includes several modules: beam simulation of the LATR optics
tube, propagation of measured fields to the secondary mirror, and to the far-field (depen-
dencies: [95-100]). This beam simulation includes the lens geometry and computes the beam
in the near-field. The code can be adapted to produce the beam as a function of angle, as

was used in this paper, or as a function of position in the measurement plane.
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Figure 5.10: Constrained parameters from polarization model (Eq. B.1), detector angle ¢get ,
grid efficiency 7gyiq, and cross polarization €. The dashed lines show the 160, 50th and 84h
quantiles of the fit. We find a cross polarization of less than 1%, a detector tilt of roughly
—31deg, and a grid efficiency of roughly 97%.

The propagation analysis code inverts complex beams either from simulations or hologra-
phy data, corrects for near-field aberrations using ray tracing and returns the complex fields
propagated to a desired plane, either near- or far-field. Notebooks are provided to show how
to compute a beam simulation, how to analyze a LATRt holography measurement, and how
to propagate a measurement to a desired region. We invite users to adapt this code to any
applications they see fit, but ask that publications using this code cite this paper and that

code derived from this work remain public.
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5.7.2 Open Source Holography

We also provide an open-source holography GitHub website: holog-exp [88]. The repository
provides both hardware and software details for recreating the holography measurements in
this paper, and details on how to adapt the setup for future experiments. The scripts demon-
strate how to correlate signals with the FPGA, program the synthesizers, and program the

XY stages to produce a holography beam map. Further details can be found in Appendix A.

5.8 Discussion

Refractive holography enables the testing of optical performance prior to deployment, and
propagating the measurements into the far-field to predict the beam of the telescope. We
have presented holography measurements of the SO LAT optics tube and analysis methods
determining its optical performance, including open-source holography for repeating and
adapting the experiment. We further provide an open-source package for simulating near-
field holography measurements and propagating the measurements into the far-field using
FD.

From these data, we characterize the optical performance of the LATR optics tube. We
compare near- and far-field measurements to simulations. After propagating the beams to
the plane of the LAT secondary mirror, we find sub-percent power spilled to 300 K. We
further find the far-field measured beams to be 2.18(1.38)) FWHM in the F90(F150) band.

We provide three open-source software packages. The first developed for this work,
(solat-optics [92]), models the LATRt holography measurements and is customizable to
include arbitrary optics and adaptable for other optics experiments. The second, holog-
exp [88], details the hardware and data acquisition software required in this experiment. And
lastly, we publish the data and Python scripts for recreating all figures in this paper [101].

The approach demonstrated here is broadly applicable to the characterization of millimeter-

wave optical systems. The ability to characterize the optical performance and systematics
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of the optics tube allowed us to determine one source of spurious reflections, and avoid

systematics during future observations.
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Chapter 6

Preliminary Characterization of the
Small Aperture Telescope with Radio

Holography

This chapter presents holography measurements of the Simons Observatory Small Aperture
Telescope at the University of California, San Diego, and preliminary characterization of its
optical performance. This work was made possible by the collaboration of Tommy Alford,
Kathleen Harrington and Jeff McMahon from the University of Chicago, Remington Gerras
from the University of Southern California, and Joe Seibert, Tran, Tsan, JB LLoyd, Michael

Randall, and Kam Arnold from the University of California, San Diego.

6.1 Introduction

We present the laboratory testing of the MF Small Aperture Telescope using the technique
of near-field radio holography. “Holography” refers to the measurement of the complex
monochromatic electric field wavefront using the interference between a modulated and ref-
erence signal. Radio holography takes advantage of the antenna theory relationship: the

far-field radiation pattern of a reflector antenna is the Fourier Transformation of the field
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Figure 6.1: Left: Cross-section of the Small Aperture Telescope (SAT) optics tube. Light
enters through the high-density polyethylene window (UHMWPE) and through the cryo-
genic half-wave plate (CHWP). The lenses re-image the beam onto the focal plane, where
the holography detector measures power and phase at a given source position. Right: SAT
cryostat used in holography testing. Source: The Simons Observatory Collaboration, Rem-
ington Gerras.

distribution in the aperture plane of the antenna [70].

Near-field holography of the SAT maps the wavefront emerging from the cryostat. Using
Fresnel diffraction (FD) [78], these measured fields can be propagated to determine the far-
field beam pattern of the telescope fed by this feedhorn receiver. Moreover, these beams
are useful for the identification and mitigation of optical problems within the receiver (i.e.
optical aberrations, focus, scattered power, etc.). These measurements enable a detailed
verification of system-level optical performance prior to the deployment of a receiver on a
telescope.

In Section 6.2 we describe the measurement approach including the cryogenic receiver
(6.2.1) and holography hardware (6.2.2) required for measuring beam maps (full details can
be found in Appendix A.1). In Section 6.3 we present the measured beam maps. Section 6.3.2

discusses analysis methods to propagate the measured beams into the far-field using FD. We
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Figure 6.2: SAT Focal Plane. The two holography receivers are outlined in red, separated
by 120°. Two receivers are installed for redundancy, but also served as a useful tool when
characterizing systematics (such as “ghosting”, or spurious signal in the beam maps, and
polarization effects).

conclude with a discussion of future applications of this approach in Section 6.4.

6.2 Measurement Approach

Here, we describe the hardware in two sections: 1) a cryogenic optics tube and 2) the
holography system comprised of a source, correlation receiver, and motion system. The
radio holography setup is modified from the previously described setup in Chapter 5. We

detail the key differences here.

6.2.1 Cryogenic System

The optics tube is housed in the SAT cryostat[9]. The cryostat holds and cools the optics
tube and provides support for detector readout. This setup supports up to seven detector
arrays (Fig. 6.2). In the test configuration, all bolometric arrays [82] are filled in the focal
plane, and two holography feedhorns are added to the edges of the focal plane, each separated
by 120°.
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The holography detectors consist of a feedhorn identical to that used for the bolometric
detectors, but with standard wave guide flanges at the outputs. A receiver consisting of
a round to rectangular wave guide transition and a harmonic mixer is attached to this
feed array. The mixer was designed to operate from 70-110 GHz, but was found to operate
satisfactorily up to 170 GHz. For operational simplicity, we used this mixer over our full
frequency range from 85-135 GHz.

Two identical receivers are installed in the focal plane for redundancy. Two 0-18 GHz
coaxial connections were made from the receiver to connectors at the cryostat wall. These
coaxes are heat sunk at various stages between the focal plane, which was operated at 4 K
while doing holography, and the 300 K cryostat wall. A separate cool down was used to
measure the loss along these coaxial feed lines. The loss was found to be 23dB at the LO
frequency (10-13 GHz). Accurate knowledge of the loss along the feed lines is critical for
providing the correct amount of power to the mixers in the focal plane. The loss at the
interference frequencies (IF') (100 MHz) is significantly lower and not critical to the function

of this system.

6.2.2 Holography System

Figure 5.3 shows the schematic overview of the holography hardware. Two millimeter-wave
sources are used to measure the full SO MF band: F90 (80-120 GHz) and F150 (130-
170 GHz). Only one source is mounted at a given time. The source is broadcast into the
receiver using standard gain feed horns held close to the window (= 10cm) (Figure 6.3).
A motorized two-dimensional stage holds the source and is mounted on a support struc-
ture above the SAT. During a measurement, the source (frequency is fixed) is moved over a
80 x 80 cm range with 1cm steps. One map takes roughly 2 hours to complete.

Due to the presence of the CHWP, the source’s polarized signal is modulated upon
entering the optics tube. Therefore, to understand the effects of the CHWP, we measure

two beam maps at each frequency: with a waveguide twist at the output of the source, and
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Figure 6.3: Lab photos of the holography setup on the SAT. Left: The holography source,
covered in a sheet of eccosorb to control scattering, is centered above the SAT window and
points directly into the SAT, sitting below. Right: The holography electronics sit on a cart
next to the SAT readout. The SAT window in the top left is made of UHMWPE.

without a waveguide twist. This allows us to measure the response of the optics tube at two

source polarizations (the waveguide twist changes the source polarization by 90°).

6.3 Results and Interpretation

6.3.1 Near-Field Beam Maps

Figure 6.6 and Figure 6.8 show the measured power and phase of the beam maps, respectively,
at each frequency. A variable attenuator at the output of the source was used to optimize
the amount of signal entering the optics tube, to ensure power was not too high such that the
measurement was saturated, but to also ensure the signal was high enough for signal-to-noise
greater than 35dB.

Each beam map is labeled either 0° WG, with a straight waveguide at the source output,
or 90° WG, with a waveguide twist at the source output. These labels also correspond to

the Ey and Ejy fields. We assume the source and receiver to be misaligned; to account for
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Figure 6.4: Left: Preliminary near-field beam shape of the SAT in MF-1. Beams are averaged
over all frequencies measured, and the averaged beam is then radially averaged to get the
near-field beam profile. Right: Preliminary beam sizes of the SO SAT in MF-1. Far-field
beams measured with holography (blue) are radially binned and the FWHM is obtained from
the resulting 1D beam profile. Simulations are obtained using a diffractive optics simulation,
and plotted are where the measured beam sizes with 20 errorbars.

this, we rotate the two beams by 6 which is fit to minimize E;/:

v| _ cos(f) sin(0) | |Ey (6.1)

E, —sin(f) cos(@)| |Ey

The shape of the main beam was found to be in good agreement with simulations at
all frequencies (Figure 6.4). The phase measurement indicates the direction of the beam
as it exits the window. Figures 6.7 and 6.9 shows the phases across all frequencies; the
unwrapped phase is a gradient due to the beam exiting the window at an angle (as the
holography detector is far-off from bore sight in the focal plane). However, we further note
the change in phase gradient as a function of frequency and have modeled this to be an
aliasing effect of the measurement. The aliasing effect creates a directional shift in the
on-sky beam, but is negligible for determining the on-sky beam size.

Figure 6.5 shows the average near-field beam(blue), with the individual beams in the

background(grey). Because the beam is spread out as it exist the window (in the time-
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Figure 6.5: Preliminary far-fields of the SAT optics tube in the MF-1. The near-field mea-
sured beam is propagated to the far-field for each frequency. The aliasing of the measured
phase in the near-field (discussed in Section 6.3) caused an artificial directional shift in the
on-sky beam, which we center before plotting.

reverse sense), the signal-to-noise of the holography measurement is significantly lower than
that achieved by the LATRt experiment. For this reason, the top and side-lobes of the
near-field beam are noisy, but the main shape of the beam indicates the overall beam size is

as expected.



6.3.2 Propagation of Fields

The performance of the SAT optical system is assessed in detail by using the amplitude and
phase of the measured beams to calculate the far-field. This is carried out by using the

Fourier relationship between the near-field E(x,y) and far-field B(6;, 6y) beams [70, 89]:
B(0.,0y) = / E(w,y)e x Cor+008) 4z dy (6.2)
aperture

where the complex electric field E(x,y) is integrated over the area of the aperture, 6, and
0y are the on-sky angular coordinates, and A is the wavelength. The resulting (preliminary)
far-fields are shown in Figure 6.5. The measured beam size 26.02' £ 1’ is consistent with the

predicted F90 FWHM of 24.95'.

6.4 Discussion

We have presented holography measurements of the SO SAT optics tube and analysis meth-
ods determining its optical performance. We further provide an open-source package for
simulating near-field holography measurements and propagating the measurements into the
far-field using Fourier optics. From these data, we characterize the optical performance of
the SAT MF optics tube. We compare near- and far-field measurements to simulations. Af-
ter propagating the beams to the far-field, we find the SAT beam FWHM to be (26.02" 4-1')
in the F90 band, within the expected beam size of 24.95’, and is sufficient to accomplish
SO’s science goals at these angular scales.

We also provide sosat-optics, an open-source software package, which models the SAT
holography measurements and is customizable to include arbitrary optics and adaptable for
other optics experiments [102]. The approach demonstrated here follows the successful char-
acterization of the Large Aperture Telescope Receiver tester, and is broadly applicable to

other millimeter-wave optical systems [16]. The ability to characterize the optical perfor-

5



mance and systematics of the optics tube allowed us to determine the SAT optics is in focus
and that the beam is within requirement for SO science. Again, this is one of the first uses of
this method to measure the far field beam pattern in lab and shows our optics work correctly

pre deployment.
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Figure 6.6: Co-polar normalized power of the Simons Observatory Small Aperture Telescope
near-field beam.
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Figure 6.7: Co-polar phase of the Simons Observatory Small Aperture Telescope near-field

beam.
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Figure 6.8: Cross-polar normalized power of the Simons Observatory Small Aperture Tele-
scope near-field beam.
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Figure 6.9: Cross-polar phase of the Simons Observatory Small Aperture Telescope near-field
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Chapter 7

HoloSim-ML: Machine Learning
Applied to the Efficient Analysis of
Radio Holography Measurements of

Complex Optical Systems

7.1 Introduction

Improvements in sensitivity for a given instrument require careful control over every part
of the instrument. Deviations of the mirror surface will redistribute beam power to large
angular scales and therefore increase the width of the main beam and reduce the forward
gain of the telescope. For this reason, alignment of the reflectors is crucial. In this work
we focus on quantifying these effects, and we present the tools needed to mitigate them by
aligning the mirror panels of the LAT using holography.

The LAT design is shown in Figure 5.1. The telescope is engineered and built by Vertex
Antennentechnik GmbH, the panels forming the primary and secondary mirrors, both 6 m

in diameter, were fabricated by Bricon Technology GmbH [103]. A defining feature of this
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design is the large focal plane (2m in diameter). The primary (secondary) mirror is built
with 77 (69) panels, and has 385 (345) adjusters in total. The size of each panel is roughly
half a square meter and weighs roughly 5kg [43]. An adjuster is a threaded mechanism
allowing for manual adjustment of the position of each panel [104]. Each panel has five
adjusters controlling the surface height. We present radio holography tools that allow us to
reach a combined reflector surface error of 22 yum RMS or less.

Radio holography has a long history of use in millimeter and sub-millimeter telescopes [70,
105-109]. Typically, these applications require aligning a single mirror, which can be mea-
sured in isolation [110, 111]. A particular challenge of this application is that we must
measure both mirrors simultaneously and then extract the adjuster errors from each of the
two mirrors. This complex optical system requires the development of new fitting tools for
efficient analysis. Towards this end, we developed an efficient simulation code and used it to
train a machine learning (ML) model to do this extraction.

Practical holography measurements of telescopes of this size must be carried out with
a bright monochromatic source in the near-field. The analysis of near-field holography is
described in great detail in several references [70, 107, 112]. The CCAT-prime Collaboration
carried out a parallel work simultaneously with ours, which details measurement methods
[113]. The method described is commonly referred to as “near-field vector beam mapping”
and employs a coherent source and phase sensitive receivers. For a given desired accuracy,
this requires a lower signal-to-noise than Out-of-Focus Holography (OFH), which recon-
structs the telescope aperture phase through comparison of far-field power maps taken in
and out of focus with a coherent source and incoherent detectors in the focal plane [114]. In
this work, we examine the impact of mirror alignment on measurements of the CMB, explore
the sampling of the focal plane required to arrive at a given mirror RMS, and present a new
approach to fitting complex optical systems that we expect to be far more general than the
present example.

In Section 7.2 we quantify the scientific impact of improving the mirror surface. In Sec-
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tion 7.3 we describe the simulations we use to model these holography measurements. In
Section 7.3 we describe our analysis of near field holography data using ray-tracing to de-
termine the near field corrections. In Section 7.4 we describe how we use these simulations
to train a machine learning code to efficiently and accurately extract the adjuster errors
from holography data. We discuss how the number of measurement positions impacts the
remaining degeneracies in the panel errors. In Section 7.5 we explain the method for per-
forming this measurement, including hardware tolerances and alignment. Section 7.6 details
the publicly available code. We conclude with a discussion of other potential applications in

Section 7.71.

7.2 Motivation

Measurements of the CMB are typically expressed as power spectra computed from all-sky
maps using the spherical harmonic transform. Therefore, the impact of the scattering of
power due to mirror surface deviations can be understood by transforming these beams into
(-space window functions. These window functions encode how the beam shape rolls off the
CMB power spectrum as a function of ¢ ~ 180° /6. This transformation is equivalent, in the
flat sky limit, to Fourier transforming the beam and averaging its magnitude squared in bins
of constant wave number. For reference, £ = 1000 corresponds to an angular scale of 0.18°.

The upper panels of figure 7.1 show simulations of the LAT beam pattern with varying
levels of panel setting errors at 150 GHz, one of our key science bands. These simulations
were generated using the method described in Section 7.3 in the far-field. We note that the
calculation extends to a larger angle, but we have truncated it in the figure for clarity of
presentation. It is apparent that the panel errors lead to significant scattering of light from
the main beam into near side-lobes.

The plots of Figure 7.1 display these window functions for the simulated beams (top

1. The following was published in Applied Optics in 2021 [17]. This publication was featured on the cover
of the Applied Optics journal.
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Figure 7.1: Top: Far-field beam simulation of a 150 GHz source, with surface error RMS of
0 pm, 20 gm, 35 pm, and 50 gm. The side-lobes around the central beam increase as RMS
of panel errors increases. Center: Window function W) of far-field beams at 150 GHz with
combined surface RMS of 50 pm, 35 pm, 20 pm, and 0 pm. Bottom: Difference of window
functions W, in top plot, w.r.t. window function of far-field beam with surface error RMS
of 0 pm, Wy ;.

row) and the difference between the window functions with panel errors and that of a perfect
mirror (bottom). For reference, the vendor will deliver the telescope mirrors with a half-wave
front error (HWFE) of 50 um. The current method of panel alignment using a laser tracker
achieved a surface error of the panels to 20—25 pm for the 6 m primary mirror of the Atacama
Cosmology Telescope [7]. The surface error budget for the SO LAT give a 35 um HWFE if
similar panel errors are achieved. This leads to a 10% loss in signal in the 1000 < ¢ < 5000

range that is crucial for much of the SO science [37]. This matches the prediction of the Ruze

formula [115] once one accounts for the fact that the power spectrum (and window function)
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Figure 7.2: Holography geometry. A source on a 5m tower sits at a distance Rgoyurce above
the aperture plane of the LAT. Two receivers, one “reference” receiver pointed straight at the
source, and the receiver in the focal plane, measure the amplitude and phase of the source.
The focal plane receiver is offset ¢ f from the nominal focus.

are proportional to the square of the beam. Since the calibration of the power spectrum is
based on cross-correlating with data from the Planck Satellite [25] for £ < 1600, the variation
in the window function in this range represents a potential systematic challenge. Reducing
the half-wave front error to below 22 pym would simplify calibration and recover most of this
lost sensitivity. The error budget for our telescope shows that this requires measuring and
setting each of the primary and secondary mirror to an accuracy of better than 5pum RMS,

which we take as a goal for this work.

7.3 Beam Simulation

The SO LAT is shown in Figure 5.1 and described in [42]. We compute its beam pattern
in the near-field and far-field using physical optics [14, 116] implemented in a code we call
HoloSim-ML, available at GitHub.com/McMahonCosmologyLab [117].

A two-dimensional representation of the three-dimensional geometry used in these simu-
lations is shown in Figure 7.2. We specify the positions and rotational state of the mirrors,
the location of the receiver feed, and the location of the source. For these simulations, we

refocus the telescope on the near-field source by displacing the receiver a distance § f from
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the nominal telescope focus. We ray-trace from a receiver position through the telescope to
an aperture plane chosen at an arbitrary position a few meters in front of the telescope. The
results do not depend on this arbitrary choice. Each ray is given an amplitude based on a
modeled beam pattern for the receiver feed horn. A reference receiver, placed outside the
telescope, points directly at the source and, in combination with the receiver feed, determines
the phase of the source. For the results presented here, the beam width of the receiver feed
was assumed to be 44° with a Gaussian profile. We typically use a 100x 100 grid of points
on the aperture plane. This telescope model is rotated, and this calculation is repeated for
every azimuth and elevation pointing to simulate the two-dimensional diffraction pattern.
To model misalignment of the mirrors, the surface zg,, ¢ of each mirror panel, is param-

eterized as a polynomial function of the five parameters a:
Zqurf = @1 + aory + agry + a4(rg25 + 7’5) +asrgry (7.1)

where 7, and 7y are coordinates centered in each individual panel. The a;, parameters are
determined by fitting this equation to the surface offsets §, at the positions of the five mirror
adjusters. Thus, there is a one-to-one mapping between adjuster offsets and the parameters
in this model. The surface machining errors for each panel will be a few micrometers and the
adjuster system is the same as was used for SPT where a similar model was fit successfully
[118]. Therefore, this panel model is expected to be adequate for these purposes.

The output of this step in the code is the amplitude and path length to the aperture plane
from the receiver feed. Figure 7.3 shows the resulting variation in the path length across
the aperture plane for one realization of panel errors from the primary mirror (left) to the
secondary mirror (right) and the combination of both (bottom). It is clear that the errors
due to the secondary and primary mirror panel misalignments occur at slightly different
physical positions and scales in the aperture plane. This means that a single holography

measurement may suffice to extract the panel errors.
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Figure 7.3: Simulated HWFE at the aperture plane with surface errors of 35 um RMS on a)
only M1, b) only M2, and ¢) both M2 and M1.

The next step in the calculation is to determine the straight line path length from each
point in the aperture plane to a source. The source is chosen to be at R = 1 x 10%m for the
far-field and R = 1 x 103 m for near-field holography. The elevation 6 and cross-elevation ¢
of this source are varied to map out the beam. This results in a total path length from the

source to the receiver. The beam B(6, ¢) is then calculated using:

B(#,¢) = Ejeril0:0)2m/A (7.2)
j
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where j is an index for the rays in the simulation, E; is the electric field amplitude of a
ray, and p;(0, ¢) is the path-length from receiver through the telescope and to the source
tower for a given pointing, and A is the wavelength. We note that we can also compute
the diffraction pattern in the aperture plane by fixing the source’s position and varying the
receiver position in the focal plane.

Radio holography consists of measuring the electric field amplitude and phase of the
beam, and then utilizing the Fourier transform relationship between the aperture fields and
beam to extract the fields and phase on the aperture plane. In our case, variations in the
phase of the aperture plane are interpreted as two times the errors in the mirror surface.

For practical reasons, and to reduce the impact of atmospheric turbulence, these mea-
surements are usually carried out with a near-field transmitter. This introduces de-focus
and other geometrical aberrations that must be removed in order to interpret these data.
In previous analyses, these have been corrected by fitting out functional forms that capture
these effects [70]. Here we use our ray tracing code to model the aberrations by comput-
ing the phase on the aperture plane, including contributions internal to the telescope and
between the telescope and the source. This requires that we measure the position of the
source and the position of the receiver. After we apply this phase correction, we also remove
a constant and gradients from the aperture fields to account for any small pointing errors.
This approach has been checked against the standard series expansion and generalizes easily
to include additional corrections, including for the phase of the receiver feed horn. The left
panel of Figure 7.4 shows the simulated holography measurement of SO that results from

this calculation.

7.4 Panel Fitting with Machine Learning

To extract the adjuster offsets from the aperture field, we must simultaneously fit a model of

all panels on both mirrors, including the geometric effects of the telescope. While standard fit
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Figure 7.4: Results from simulation. The top left panel shows the input simulation, which
had 35 micrometer RMS HWFE. The top right panel shows the predicted aperture phase
given the ML determined estimates for the panel errors, and the bottom shows the residuals.

—100

techniques can work, they are slow to converge and often yield solutions that are suboptimal
in the sense that they under fit the panel errors. This results in a situation where many cycles
of holography measurement and analysis are required to correctly set the mirror surface.
Here, we use a machine learning model built from the scikit-learn python pack-
age [119]. To train this model, we generate a set of 1000 near-field beam simulations,
each with a different realization of mirror setting errors. Each beam simulation assumes an

angular width of 200 arcmin., with 1 arcmin. spacing, for a total of 40,000 points in a 2d
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grid. We then perform the holography analysis described above to yield a simulated data
set comprised of aperture fields and the known input adjuster errors. This suite of simula-
tion is used to train a linear regression model. The training took only minutes on a laptop,
making the beam simulations the limiting computational step. Once trained, this model will
transform an input holography measurement into a set of estimated panel adjuster offsets.

Figure 7.4 shows the results from a simulation. The top left panel shows the input
simulation, which had 35 yum RMS HWFE. The top right panel shows the predicted aperture
phase given the ML determined estimates for the panel adjuster positions, and the bottom
shows the residuals. An impressive feature of ML is that it achieved residuals below 3 pm
for the combined HWFE for each of the 10 randomly chosen input simulations we tested.

One issue is that this fit is degenerate, in the sense that anti-correlated errors on the
primary and secondary can cancel when measured from a single feed position. To explore this,
we plot the errors on the Primary and Secondary in Figure 7.5. We also compute the half-
wave front error on the aperture plane as a function of feed position across the large 2 m focal
plane used by SO to explore how the cancellation of this degeneracy varies with position. The
top row considers holography taken in the classical way with a single receiver position. The
middle row considers binocular holography, where two measurements taken at two positions
are analyzed jointly to break degeneracies. The bottom row further considers trinocular
holography, where three measurements taken at three positions are analyzed jointly to further
break degeneracies.

These results show that standard single receiver holography leads to anti-correlated errors
of 10 um on each mirror, which cancel to less than 6 um over most of a 2m focal plane. The
binocular results improve the mirror residuals to 6.5 um RMS, but still suffer from correlated
errors that lead to HWFE marginally worse than for the single position holography. These
are below 6.5 um over much of the focal plane.

The trinocular method improves the single mirror precision to 4 ym with suppressed

degeneracies which cancel to better than 4 ym HWFE over all but the edges of the focal
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Figure 7.5: The left and middle columns show the surface errors on the Primary and Sec-
ondary mirrors after holography has been used to correct the mirror surfaces. The right
column shows the HWFE as a function of focal plane position. The top row shows re-
sults for holography taken at a single position (see red dot). The middle row shows results
for binocular holography (combining measurements from two positions, see red dots). The
bottom row shows results for trinocular holography (combining measurements from three
positions, see red dots).

plane. We have presented these results for a single realization of mirror errors, but we
repeated the calculation 10 times and found the results to be robust. Reducing the HWFE

from panel setting to be below 5 pum requires trinocular holography.
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7.5 Measurement Practicalities and Robustness of Method

Achieving results at this precision requires measurement hardware and methods with suffi-
cient sensitivity and control of systematic effects, both of which are within reach.

The simulations were informed by the geography of the SO LAT site. A 1km transmitter
distance was chosen since the transmitter can be placed on the slope of Cerro Toco, a nearby
mountain peak, at this distance and an elevation of 10°. Given this choice, we can determine
requirements on signal-to-noise and the knowledge of the location of the transmitter and
receiver with respect to the telescope by varying these in our simulations. Table 7.1 presents
the results of this sensitivity analysis.

We also tested the robustness of the ML method to differences between the (simulated)
measured mirror surface and the training set. We found that for measurements of mirror
surfaces significantly worse than what was in the training set, the method gracefully degrades
in a way that it fits out 90 % of the input surface. For example, with a 100 um HWFE
the difference between the input and fit results had an RMS of 10 um. Repeating the
measurement and alignment process a second time would reduce the alignment errors below
our 5 um target.

The signal-to-noise requirement can be met with a source consisting of a Gunn Oscillator
phase locked to an Oven Controlled Crystal Oscillator (OCXO). Such a system can output
hundreds of mW with a frequency stability of a few parts per billion. This ensures the source
remains reliably within a bandwidth of a few hundred Hertz, allowing for aggressive filtering
of the received signals. With this filtering, simple receivers based on harmonic mixers (noise

temperatures of 100,000 K) can in principle achieve signal-to-noises in excess of 130 dB. This

Minimum signal-to-noise 80dB
receiver position (arbitrary direction) | 2mm
Tower source (radius) 1.2m

Table 7.1: Allowed variation in signal-to-noise and positional knowledge needed to keep error
contributions from these effects below 2.5 ym HWFE.
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enables broad illumination of the telescope to make the measurement immune to the source
beam pattern and reduce the received signal power to below 1 mW, a level that comfortably
guarantees the detector response is within the linear regime and ensures more than sufficient
signal-to-noise.

The position knowledge of the source and receiver can be measured with a combination
of metrology and fitting in the analysis code. The distance between the tower source and
the telescope can be determined to better than 1 m using a theodolite, which is a standard
surveying tool. The angular position of the source will be found with the central peak of
the beam map. Any residual errors in this angle are mitigated by the removal of a gradient
in the phase on the aperture plane in the holography analysis. The location of the receiver
relative to the mirrors can be determined using a laser tracker to better than 1 mm. These
positions can be verified by fixing one (e.g., the source distance) and then fitting the other
(e.g., the receiver positions) using our simulation code. In this way, we can determine and
confirm these distances to ensure the phase corrections are correctly applied.

The x and y positions of the panels are determined by centering the measured aperture
fields in the coordinates used in the simulations. We include this centering process in our
results. Therefore, this method is robust to alignment errors.

Three remaining issues, which can produce spurious phase variations in the aperture
plane, must be considered: atmospheric fluctuations, the phase of the receiver feed, and
the phase stability of the reference receiver. The choice of 88 GHz should provide sufficient
stability in the Chilean atmosphere at 17,000 feet. This will be verified with repeated
measurements. The phase as a function of angle of the receiver feed will be measured in
lab using the holography source and receiver. It is straightforward to include this correction
in the modeling code to remove its impact on these measurements. Finally, the reference
receiver must receive signals from the source without being affected by spurious reflections
from the ground, and the cabling from it to the correlation receiver must be phase stable

over the duration of the measurement. The first concern can be addressed by feeding the
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reference receiver with a relatively high gain antenna, to exclude the ground, and mounting
it off of the telescope to ensure its reflections aren’t modulated. The stability concern can be
addressed with a scan strategy that revisits the beam center often to allow for the removal
of drifts. This approach also provides additional suppression of atmospheric phase effects.
This approach and these considerations are similar to what was done for ALMA [70]
and SPT [118]. The desired measurement precision is not significantly different from what
was achieved in these previous measurements. The SPT alignment residuals (16 um), were
limited by the telescope stability rather than the measurement accuracy. The measurement
would take several hours to scan over 2°, with arcminute resolution, once all hardware
is fully set up. A measurement at the desired precision is well within reach based on the

measurement, concept we have presented and these previous examples.

7.6 Public Code

All code used for this paper is available on GitHub under the name HoloSim-ML. The code
includes two modules: beam simulation and holography analysis with mirror panel error
fitting. This beam simulation includes the mirror geometry and panel setting errors and
computes the beam in both the near- and far-field regions. The code can be adapted to
produce the beam as a function of angle, as was used in this paper, or as a function of position
in the focal plane. The later may be more appropriate for a holography measurement using
the method described in [113]. The holography analysis code inverts complex beams either
from simulations or holography data, corrects for near-field aberrations using ray tracing
and returns the mirror surface errors. We also include code that determines the near-field
corrections following the analytic expressions presented in [70]. The panel fitting code uses a
machine learning algorithm trained with beam simulations. Notebooks are provided to show
how to compute a beam simulation, how to analyze holography, and how to set up and run

the panel fitting. We invite users to adapt this code to any applications they see fit, but
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ask that publications using this code cite this paper and that code derived from this work

remain public.

7.7 Discussion

We have presented the simulation and analysis of holography data, including the application
of machine learning techniques, to recover panel adjuster errors from a complex optical
system comprised of two mirrors that create partially degenerate features seen in the phase
on the aperture plane. The power of machine learning is that it enables the efficient analysis
of these data to separate the contributions of each mirror with high accuracy on small angular
scales. On larger scales, this method creates degenerate solutions which can be addressed
with holography from multiple receiver positions. The ML framework makes the analysis of
these measurements from many receiver positions straightforward to analyze. We presented
an example of the SO dual reflector optical system and demonstrated that this approach can
yield < 5 pm alignment errors, the requirement for SO science goals.

The approach demonstrated here comprises forward modeling of an optical system, sam-
pling the system from multiple positions in the focal plane, and the application of ML to
simultaneously determine many physical parameters which encode errors in the optical sys-
tem. While a standard fitting method could also work in this application, we found that after
one month of fine-tuning, we were only able to fit out half of the RMS of this dual reflector
system. The ease of setting up and fitting with these ML tools was striking, while it also im-
proved the quality of the fits for single mirror systems. We anticipate that this approach can
be applied to a variety of complex optical systems, including systems with multiple lenses,
filters, absorbers, and other optical components. For example, the SO [32] system includes
re-imaging optics comprising three lenses, and filters. An immediate future application is
to apply these techniques, using holography, forward modeling, and ML to understand the

optical properties and interactions within the system. With proper parameterization of the
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imperfections and alignment errors, combined with sampling the focal plane at several po-
sitions, we anticipate that machine learning will prove to be an increasingly important tool
in the characterization and performance optimization of complex optical systems.

This software package developed for this work (Holosim-ML [117]) is customizable to
include arbitrary optics while remaining simple to script. It is possible to substitute com-
mercial simulation software within this ML framework if necessary. However, we chose to
write a self-contained code to create an open access package that is efficient and can be
widely shared. This work will enhance the sensitivity of SO to high ¢ (low angular scales),

a range where we constrain N.g and ng, to name a few.
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Chapter 8

The Atacama Cosmology Telescope:
Beam Estimation for DR6 with

point-source Stacking

8.1 Introduction

The Atacama Cosmology Telescope (ACT) is a 6 m off-axis Gregorian telescope located at
an altitude of 5190m in the Atacama Desert of northern Chile. It is designed for mil-
limeter wavelength observations of the cosmic microwave background (CMB) at arcminute
resolution. The telescope and receiver are described in [29] and [30] respectively. ACT has
produced rich maps covering roughly 45% of the sky. While analysis of the most recent maps
is ongoing, the signal-to-noise is so high that beam characterization is critical for cosmology
(as detailed in Chapter 2).

This paper describes an alternative method for determining the optical response of the
telescope based on stacking point-source observations. This data release includes tempera-
ture and polarization data collected by ACT between 2017 and 2021, covering roughly 18,000

square degrees of the sky [30].
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Determining the optical response, or “beam”, quantifies how the instrumental response is
suppressed at small angular scales as a result of the finite resolving power of the optics. For
this reason, understanding the telescope beam and its uncertainty is critical for achieving
the science goals of ACT. Because the beam has to be de-convolved from the sky maps in
order to perform cosmological analysis, incorrectly characterizing the beam directly biases
any science by mimicking a spurious scale-dependent signal. Therefore, in order to achieve
the science goals set out by ACT), characterization of the instrument beam is crucial. Besides
the beam of the instrument, it is also important for a polarimetric instrument like ACT to
quantify the amount of temperature-to-polarization leakage. We describe this type of leakage
in terms of a so-called “leakage beam”, which quantifies the amount of leaked signal from
Stokes parameter I to Stokes parameters ) or U at a given angular scale.

Previous work to characterize the ACT instrument beam has done so with planet maps
([120-122]). Planets served as the best candidates for beam characterization of the tele-
scope [123]. Specifically, observations of Uranus achieve adequate signal-to-noise without
exceeding the dynamic range of the instrument. Here, we present a novel technique to
characterize the instrument beam with map data, which we refer to as “stacking” of the
point-sources in a map’s catalog. This work provides a detailed recipe for characterizing an
instrument’s beam using full map data, which we apply to the ACT DR6 maps. While the
stacking method is robust, we note that this novel method is applied to preliminary ACT
DR6 maps and preliminary planet-derived profiles. This method provides a validation of the
planet-derived beam both in temperature 7" and in the T" — E and T" — B leakage. Such
a novel validation is necessary because the Uranus observations are separate observations
made with a different strategy than the full maps, have different noise properties and were
made using a different map-making technique. The point-source stacking method, presented
here, uses the same observations which we use for cosmology, thus providing a check to the
beam and leakage inferred from Uranus observations.

The paper is organized as follows. In §8.2 we describe the observations and catalog used to
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stack point-sources and characterize the ACT beams. In §8.3 we explain the stacking process,
starting from an input map and producing a stacked beam profile. In §8.4 we describe the
steps of the map simulation pipeline, then going from simulated point-source maps to a
model of the ACT beams and their covariance. In §8.5 we present the preliminary results
from the stacking method, including the stacked temperature to polarization leakage, and
the temperature beam radial profiles (compared to the preliminary planet-derived profiles,
which will be updated in the future). Finally, in §8.6 we discuss assumptions made in the

analysis and future directions for ACT beam characterization.

8.2 Observations

The data used in this work are part of the upcoming 6th data release (DR6) of ACT, though
the maps are preliminary. DR6 consists of observation taken between 2017 and 2021 using
three dichroic detector arrays, PA4, observing using broad frequency passbands roughly
centered on 150 and 220 GHz, and PA5 and PAG6, both with passbands centered on 98 and
150 GHz. The 3 types of frequency bands are referred to by F090, F150 and F220. On the
sky, the observations fall in to the “Advanced Act” region as defined in [5], which includes
roughly 45% of the full sky. The observations are taking during both day and night; in this
work, we restrict ourselves to the nighttime data, as this subset of the data is the current
focus of the cosmological analysis performed by the ACT collaboration. The DR6 data and
analyses have not been made public yet at the time of writing.

The DR6 data are divided into 8 non-overlapping subsets and mapped into sky maps. In
this work, we only use co-added versions of these 8 maps. We thus consider a single triplet of
Stokes I, @ and U maps for each of the 6 combinations of PA4/5/6 and their two frequency
bands.

The maps are produced in the Plate-Carrée cylindrical projection (CAR) using a maximum-

likelihood (ML) technique that is described in [5]. There is one exception, which is relevant
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for this work: the brightest point-sources are mapped with a specialized source mapmaker.
This special treatment of bright point-sources is needed because the ML mapmaker produces
artifacts when mapping bright localized sources, see [124] for a detailed explanation. In the
DR6 maps, the specialized mapmaker is used for a pre-selected set of bright sources. We will
refer to the bright sources that underwent this specialized treatment as “Special” sources,
while we refer to the fainter sources that were mapped using the regular mapmaker as “ML”

sources.

8.3 Methods

Here we walk through the stacking process from input map to beam profile.

8.3.1 Point-source Selection

Prior to stacking, we characterize each point-source to determine whether they are suitable
for stacking. The number of point-sources used for the point-source analysis versus the total

number of point-sources in the catalog is shown in Figure 8.1.

Select on Catalog

For ease of interpretation, a sky mask is applied that is similar to those used by the various
cosmological analyses. This mask removes regions with strong Galactic emission (based on
the 353 GHz Planck data) and significantly noisy regions on the sky. The point-source
catalog has been estimated from the DR6 maps using a matched filter approach. Through
the use of the 3 ACT frequency bands, the catalog also includes an estimate of the type of
each source (synchrotron, flat or dusty spectrum, as well as SZ clusters). The catalog will
be described in forthcoming publications accompanying the DR6 release.

From the catalog, we obtain a list of RA’s and DEC’s of point-sources in the map.

Additionally, we select only synchrotron point-sources, such that we stack over individual

100



104

F090 PAS F090 PA6 F150 PA4

103

Number of Sources
Number of Sources
Number of Sources

Flux Density (mJy)
S

10"

Special: 143 Special: 143 Special: 143
ML: 555 ML: 543 ML: 293
100 L L L L L L . . .
4
10 20 . . 20 . . 10.0

F150 PAS F150 PA6 F220 PA4

“

7.5

c MR

—_
(=}
T

[ J
Number of Sources

Number of Sources
Number of Sources

102

Flux Density (mJy)
S

Number of Sources

10"

Special: 143 Special: 143 Special: 143
ML: 456 ML: 381 ML: 127
10° - - - 0 - - - 0 3 - T 0 100
10 10 10 10 10 10 10 10 10 10 10 10
Polarization Fraction Polarization Fraction Polarization Fraction

Figure 8.1: Distribution of the total number of point-sources that were in the catalog (greys)
and ultimately became part of the final beam analysis (colored) for all arrays combined,
shown by observing seasons from 2017-21. point-sources used in the stacking are separated
into Special(red dots) and ML(gradient hexagonal bins) sources (the two types of sources
are described in §8.3.1).

point-sources, rather than dusty galaxies or galaxy clusters. The brightest sources are syn-
chrotron sources; so these cuts do not significantly reduce signal-to-noise. Rather, this cut
simplifies the analysis by removing extended sources while we avoid stacking on sources with
different spectral energy densities (and associated differences in optical response).

When stacking point-sources, we restrain the point-sources to a polarization fraction of
below 10% such that we are not dominated by highly polarized sources. One would expect
the signal to average away due to the sources’ random polarization angles. However, this is
not the case when a few of the brightest sources are strongly polarized and dominate the
stack due to inverse-variance weighting (see Sec 8.3.1), which up-weights sources with the

highest signal-to-noise ratios. Once the selection is complete, the geometry of the stamp is
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defined to be 40'(30") wide at a 0.15'(0.05) resolution for the F090 and F150(F220) bands.

The region must be large enough such that the stamp will include side-lobe features.

Select on Beam Quality

With the list of point-source locations on our map from the catalog, we further decide which
point-sources to use in the stamp based on a stamp’s individual features. For example,
we don’t want to include a stamp with two point-sources, or an off-center point-source, in
the stack. To characterize the quality of a point-source, each point-source is re-projected
to the same geometry (as specified in the last paragraph). A point-source p; is first peak-
normalized. If the location of its highest peak, p; 1, is outside a radius of 0.5, p; is assumed
to be off-centered and is discarded.

We next want to determine if the stamp has two point-sources or just one. To do so,
we find the second-highest amplitude in the stamp and assume this to be the second peak,
pi2- If the amplitude of p; o is within 10% of the average stamp value (outside the radius
r= %TFWHM), it is assumed to be dominant, and the point-source p; is discarded.

Figure 8.1 shows the number of point-sources used in each band and PA from the catalog.
We note that the FO90 map stacks included the greatest number of point-sources, since the
beams are larger and therefore take up a larger area of the stamp’s area. Because the F220
beams are much smaller in beam width, we constrain stamps in this band to a radius of 15,

while the F090 and F150 stamps are at a radius of 20’.

Special vs. ML Sources

We subdivide the remaining point-sources into two categories: Special and maximum-likelihood
(ML) point-sources. When making the maps, as described in §8.2, point-sources are treated
with the two differing methods, and thus we want to consider the two groups individually
when stacking to note any differences this treatment may have caused. The final distribution

of selected point-sources is shown in Figure 8.1.
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Figure 8.2: Spatial distribution of all point-sources in the catalog(grey) and the selected
point-sources used in stacking(colored). The color bar shows the flux of the Special(ML)
sources, which are plotted as triangles(circles). The regions of the map with no used point-
sources indicate regions which are masked out prior to stacking. The mask ensures that the
stacked point-sources are in the same regions of the sky used in cosmology science.

8.3.2 Stacking

This section describes the stacking procedure with the selected sources. Each stamp s; is
re-projected to the same geometry prior to stacking. Each stamp is cut from the map and re-
projected to a tangent plane using a bi-cubic interpolation. Re-projecting to a tangent plane
ensures stacking multiple sources from different declinations are not stretched by different
amounts (as a result of the CAR pixelization of the input map). The bicubic interpolation
introduces a small bias, resembling a low-pass filter. Using the simulations presented in §8.4,
we find that this bias is small enough to neglect.

Before stacking the reprojected stamps, we subtract an estimate of the large-scale corre-
lated noise component of the stamp. The correlated noise, coming mainly from the CMB and
atmosphere, is relatively bright compared to the point-sources (at around the -20 dB level
for even the brightest point-sources), making it crucial to remove it prior to stacking. If left
in the stamps, the correlated noise is not averaged down enough during stacking as a result
of the small number of high signal-to-noise sources in the stack. The resulting stacks show
a large amount of noise variance, which prohibits measurements of the non-central parts of
the beam. We only perform the subtraction on the Stokes I component of the stamps; the

Stokes () and U components have a relatively small amount of correlated noise, making the
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subtraction procedure unnecessary.

We refer to the subtraction method as “inpaint-subtraction”. This procedure masks
a region centered on the point-source and fills this area with a prediction of large-scale
correlated noise using only information from the outer area of the stamp. This inpainted
region is then subtracted from the original stamp, resulting in a map of the point-source with
substantially reduced large scale correlated noise. The inpainting is done with a simplified
version of the method described in [125]. In short: the method uses the conjugate-gradient

method [126] to solve for s; in:
(S_l—l—M_l) sp=M"s (8.1)

Here, s denotes the input stamp and S~! denotes the inverse covariance matrix of the
correlated noise, modelled as a “1/f” spectrum in harmonic space: 1/(1 + f/él:rf’ee) with
linee = 2000. This is a rough approximation of the actual covariance matrix of the correlated
noise, but it works sufficiently well for our purpose. The M —1 matrix is modelled in the
pixel-domain, where it sets all pixels in the region around the point-source to zero, and all
pixels outside the region to a small, but nonzero value. The conjugate gradient method
solves Equation 8.1 in roughly 10-20 steps, yielding s;: a version of the stamp with an
inpainted inner region that is smoothly connected to the outer region. The result of the
inpainting-subtraction is shown in Figure 8.3.

The above procedure will not bias the point-source signal as long as the signal is zero
in the unmasked outer region. In that case the information available for inpainting, i.e.
the outer region, is independent of the point-source and thus the inpainting-subtraction is
unbiased by construction. However, due to the extended structure of the beam, the point-
source signal is not quite zero at the edges of the stamp where we define the outer region.
As a result, the inpainting solution will not be perfectly uncorrelated to the point-source

signal, which means that once the inpainted stamp is subtracted, a small amount of the
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Figure 8.3: Inpainting-subtracted method as described in §8.3.2 for F090 PA5. Top row:
Stacked beam without inpainting subtraction (left) and stacked beam including inpainting-
subtracted method (right). Bottom: Inpainting signal which is subtracted during the stack-
ing procedure for F090 PA5 (note the linear scale colorbar). This shows the large angular-
scale signal which is removed from the stacked beam with the inpainting method.

point-source signal is also subtracted. This type of bias is similar to the one explained in the
ACT DR4 beam paper [123]. To minimize the bias, we start the outer region at the radius
at which the fiducial planet-derived beam becomes smaller than 104 compared to its peak
value. Using the simulations in §8.4 we validate that the remaining bias is small enough to
ignore.

The above inpainting procedure returns our point-source-free stamp, s;. For each point-

source ¢, we then subtract s; ; from our original stamp, s;:

;= 8; — Si] (8.2)
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The final step is weighing each stamp and stacking them together. We employ an inverse-
variance weighting, where the weight is always calculated from the intensity I; stamp, and

2 is calculated between

the same weight is applied the @); and U; stamps. The variance o
rip and royt of the stamp, where 7, is defined as the radius where the planet-derived beam
drops below —35dB (both s; and sp peak-normalized), and rout = %Tin' The weight of the

stamp w; is then the inverse variance of I within rj, and rqyt. Once the above is calculated

for all stamps in the set, the final stacked beam is calculated by:

B

S =

Figure 8.3 shows an example output of the stacking, for PA5 F090. Without inpaint-
subtraction, the stamp appears saturated by large-scale structure (top left of Figure 8.3).
The bottom panel shows the signal from inpainting which is subtracted from each point-

source stamp prior to stacking, leaving a less saturated stacked beam (top right).

8.3.3 Bias From Stacking

To study this bias, a set of simulated observations are processed through the stacking process.

The full simulation pipeline is described in §8.4.

8.3.4 Radial Profiles

Maps are binned into a symmetrized radial profile with bins of varying width, out to a
radius of 20'(15) for F090 and F150(F220), independently for each detector array, and F-
band. The bins are chosen to be logarithmic in radius. We ultimately want to compare the
stacked profiles to the planet-derived beams. To do so, we first convert the planet-derived
beams to a 2D stamp matching the stamp geometry of the stacked beam. We then radially
bin the new planet-derived beam with the same bins used on the stacks.

Error of the radial profiles is obtained by simulating and stacking 100 maps with the
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simulation pipeline described in §8.3 and §8.4. The covariance matrix of these 100 simulated

radial profiles estimates the error of our “true” stacked profiles at each binned radius.

8.3.5 Beam Window Functions

The window function wy, quantifies the response of an instrument across angular scales,
or multipoles ¢, which is encoded in the instrument’s beam. Because the CMB spectra is
presented in spherical harmonic ¢-space, we similarly will compute the instrument’s window

function in ¢-space. The window function is defined as
_ 2
Wy = B 128 (84>

where By is a Legendre Polynomial transform of the instrument’s beam (the full derivation

of the Legendre transform is presented in [123]):

or (1

Bg:ﬁ )

B(0)Py(cos ) d(cosb) . (8.5)

Each By is fixed at ¢ = 1050 for FO90 and ¢ = 1525 for F150 and F220. This ¢ range is
the calibration value at which the ACT maps are calibrated to Planck, therefore we set the
ratios of stacks to planet-derived beams to unity at this angular scale.

We quantify the leakage beams, or temperature power which has “leaked” into the @)
and U polarization maps, by decomposing the Stokes () and U stamps into E- and B-mode

spherical harmonic coefficients [127]:
v +ibB = - / dQ(R)(Q £1U) (1) 1oYy (1) (8.6)

Here 19Y},, are the spin-4+2 spherical harmonic coefficients and the integral is taken over
the whole sphere. ) and U represent the Stokes ) and U components of the stack rotated

from the equator (where the stacks are centered) to the north pole of the standard spherical
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coordinate system. The rotation is done using the pixell ibrary and takes into account
the mixing of () and U under rotations. Similar to the reprojection mentioned in §8.3.2 the
rotation also makes use of bicubic interpolation. Again, through the simulations, we have
validated that the resulting smoothing does not introduce a significant bias.

The T'"— E and T' — B leakage beams are obtained from the F- and B-mode spherical
harmonic coefficients in Equation 8.6. Here, we only present the symmetric part of the
beam, i.e. the m = 0 coefficients, though our analysis can also be used to study higher

modes (m = 1,2). The symmetric part of the leakage beam is modeled as:

E/B | 4w
t0 20+ 1

BZ“—>E/B

= (8.7)

Where the /4m/(2¢ + 1) factor converts from spherical harmonic coefficients to Legendre

polynomial coefficients, which have the appropriate normalization.

8.4 Simulation Pipeline

We simulate a stacked profile to validate our stacking pipeline and to estimate statistical
uncertainty on the radial profiles presented in §8.5. We first simulate a map by combining
simulated point-sources (referencing the catalog) along with a simulated CMB and fore-
grounds, and additionally adding simulated noise. An example of a simulated map (box
area of +2deg) is shown in Figure 8.4. The four quadrants show the three main compo-
nents of the simulated maps, followed by the total simulated map, where the prior three

components are combined. Here, we detail the construction of the simulations.

1. https://github.com/simonsobs/pixell
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Figure 8.4: Example of a simulated map used to characterize the stacking bias. This example
is for PA5 in the F090, zoomed in to an area of 2deg x2deg. Top left: Point-source map
using the input catalog RA and DEC coordinates. Top right: Simulated CMB. Bottom
left: Simulated noise [11]. Bottom right: Final simulated map after combining the previous
three components. This process is done for each PA and F-band, and repeated 100 times to
estimate radial profile errors.

8.4.1 point-source Map Simulation

A point-source map is simulated using the input catalog, and point-source selection described
in §8.3.1. The planet-derived beam defines the shape of the point-sources in the simulated
map. Fluxes of each point-source are obtained from the catalog and converted to the units
of the data maps (uKyp) using the fiducial beam solid angle and center frequency of the
passbands.

The fiducial beam profile, fluxes and coordinates are then given to the pixell.sim_objects
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function that outputs a simulated point-source map with matching point-sources and map
shape as the catalog and DR6 map. We choose to apply to the simulated map a pixel window

function that matches that of the data maps for ease of comparison.

8.4.2 CMB Simulation

The second component of the simulation is diffuse sky signal comprised of the CMB and
(extra-)Galactic foregrounds. This signal is critical in the simulation because the CMB is a
significant source of noise in our stacked profiles at intermediate angular scales. To accurately
estimate the uncertainty and bias introduced by the inpaint-subtraction method described
in §8.3.2, we must include the CMB in our simulations.

We use the DR4 CZT power spectra to draw Gaussian realizations of the diffuse sky
signal. An example of this simulated signal is shown in the top right of Figure 8.4. This

simulation also contains foregrounds, which are an important contribution at high multipoles.

8.4.3 Noise Simulation

The third component to complete our simulated maps is noise. The estimation of map noise
is twofold: 1) a realization of the ACT map-based noise simulations at large angular scales
(¢ < 5000) and 2) a white-noise realization drawn from the per-pixel variance maps that
accompany the DR6 maps.

The ACT map-based noise simulations will be fully described in an upcoming paper
accompanying the DR6 release. Noise simulation maps include atmosphere, ACT scan strat-
egy, and a more detailed approach to model correlated instrument noise. An individual noise
simulation is used for each individual simulated map.

As the map-based simulations at the time of this analysis only describe the noise on large
angular scales (¢ < 5000), we manually fill in the noise on small angular scales. We then
splice together two noise simulations in /-space, such that the white noise term occupies the

lower /-space and map-based noise dominates the high /-space. An example patch of the
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Figure 8.5: Mean simulated radial profile at each F-band and PA, averaged over 100 simula-
tions. Mean simulated profiles are shown for Special(red) and ML(blue) sources, with error
bars calculated from the covariance matrix of the 100 profiles. Each profile is then compared
to the corresponding planet-derived beam(black) in the bottom panel of each plot. This
shows the bias from the stacking procedure is minimal and can be neglected in the subse-
quent analysis.

noise map is shown in the bottom left of Figure 8.4.
Figure 8.5 shows the mean simulated profile (over 100 simulations) at each PA and F-
band compared to the planet-derived beam, plotted in black. From this averaged simulated

beam, we determine the stacking procedure to have negligible bias on the resulting beam

profile.
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Figure 8.6: Stacked radial profile at each F-band and PA. Profiles are shown for Special(red)
and ML(blue) sources, with error bars calculated from the covariance matrix of 100 sim-
ulated stacked beams. Each profile is then compared to the corresponding planet-derived
beam(black) in the bottom panel of each plot.

8.5 Results

Here, we detail the resulting temperature and temperature-to-polarization leakage beams

acquired from the stacking method described above.

8.5.1 Main Beam

This section presents the temperature profiles from stacks and compares them to the existing

planet-derived beams from Uranus.
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Profiles

The stacked profiles are shown in Figure 8.6. Each profile shows the Uranus planet-derived
beam in black, with individual arrays plotted separately. The bottom panel shows the

difference between each array’s profile to the planet.

Spatial Variation

To study the spatial variation of point-sources, we conducted a “null test” where we stacked
four categories of point-sources: high and low, RA and DEC. We separate the catalog in half
by considering the median RA and DEC, such that the four categories are RAjqy, RApjon,
DEC),y and DECy;g), (separated by their median values). Figure 8.7 shows the resulting
window functions By for each F-band and PA. The red line in each sub-plot show the full
map’s By for comparison.

From this test, we find the beam derived from the Special sources exhibits a small, but
statistically significant, spatial dependence. We find that DEC) g pign) and RAy;ep1ow)
match in window function, but differ from their opposite. Specifically, the Special sources
consistently show larger power at high £’s in the DECy,; and RAye1, than the planet-derived
profiles, indicating a tighter beam in these regions of the sky. This effect is most prominent in
the F090 PA5/6 and F150 PA4 profiles. The ML sources, however, do not show a statistically

significant spatial variation.

8.5.2 Temperature to Polarization Leakage Beam

Here, we present the polarized beams of the stacked point-sources to determine polarization
leakage in the instrument. The leakage is relatively small compared to the magnitude of the
temperature beam, however the sensitivity of ACT DR6 data is such that this leakage needs
to be accounted for in the analysis. Previously, observations of Uranus were used to build
an (-space T-to-P leakage function for a given frequency and array in the instrument. Here,

we test this method by comparing the leakage to our new method of stacking.
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Figure 8.7: The panels show the ratio of the window function derived from the stack to
those of the preliminary Uranus-derived window functions, separated by high and low RA
and DEC. The top two rows are Special sources, and the bottom two rows are the ML
sources. Each ratio is set to 1 at £ = 1050 for F090 and ¢ = 1525 for F150 and F220. The

stack made up of the combined set of point-sources is depicted by the red curve.
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Figure 8.8: Polarization leakage from stacked F090 PA5 beam, for the ML sources. Top row:
T — @ leakage. Bottom row: T' — U leakage. Left column: stacked map, Middle column:
modeled polarization leakage, Right column: difference between stacked and modeled beams.
The low signal in the right column suggests that the one-dimensional leakage model is able
to capture the polarization leakage of the stacked profiles.

Figure 8.8 shows an example of the stacked polarization leakage beam, the modeled
beam, and the residual for F150 PA4. Note that the quadrupole shape of the model is
due to the reprojection onto the stack geometry: although we model the leakage beam
as azimuthally symmetric when located on the pole of the standard spherical coordinate
system, the symmetric shape turns into a quadrupole shape when rotated to the stack
geometry location, which is centered on the equator. From the window functions, we obtain
the window functions of each array’s T — E and T' — B leakage (Figure 8.9). Figure 8.8
further demonstrates that the one-dimensional model of polarization leakage is sufficient to
fully characterize the leakage beams for both the stacked and planet-derived profiles.

In Figure 8.9 we compare the (-space T" — P leakage functions derived from the point-
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Figure 8.9: Polarization leakage, BZ%P , from stacked and planet-derived profiles. Leakage
beams are separated by Special(dashed-dotted) and ML(dashed) sources, with leakage from
the planet profile(solid) plotted for comparison.

source stacks to those derived from Uranus. We find that the estimates from the Special
and ML stacks are statistically consistent. Furthermore, we see broad agreement between
the planet-derived and stacked polarization beams. This provides evidence that the planet-
derived leakage estimation is appropriate for use in the actual CMB maps. There remain
small, but statistically significant, differences between the planet-derived and point-source-

derived leakage beams; the cause of this difference is still being investigated.
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8.6 Discussion

We have presented the analysis of the ACT beams for the preliminary maps of DR6 using
a novel point-source stacking method, which includes data from 2017-21. We describe the
full point-source stacking method, including the use of an inpainting method to remove
large-scale structures and improve the signal-to-noise of the resulting stacked profiles. As
point-sources are treated with the two differing methods during the map-making, we consider
the two groups, ML and Special, separately in the analysis.

The beams derived from the stacking pipeline deviate from the planet-derived beams at
the 1-2% level at intermediate angular scales, as well as a spatial variance when the stacks
are separated by location on the sky. The spatial variation is especially significant for the
Special sources. The cause for this spatial variation is still unknown and requires further
investigation. Polarization leakage as determined by the stacks is not significantly different
from the predicted leakage by the planet-derived profile. This indicates the planet-derived
leakage estimation is sufficient for usage on CMB maps. We find the one-dimensional leakage
profile is an adequate method for characterizing the polarized leakage beam, as it models
nearly the entire polarized signal from the stack (Figure 8.8).

We believe point-source stacking is a robust method for leakage estimation and instru-
ment profile characterization. This is especially critical to verify the planet-derived profiles
commonly used to carry out cosmology science on CMB maps. While this method presents
a novel method for characterizing the instrument beam, this method can also be used for

constraining cosmological science.
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Chapter 9

Conclusion
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Figure 9.1: A snapshot of every chapter in this thesis, with the temperature power spectrum
of the CMB overlaid.

Experimental cosmology is in an era of precision instrumentation. Such precision instrumen-
tation requires understanding optical components in the telescope, careful characterization
of its performance, and detailed analysis of its optical performance. In this work, I have pre-
sented several advances in instrumentation and optics which will further our understanding
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of the universe. I have also presented novel methods for characterizing the instruments to

further improve systematics.

9.1 Summary of Research

As detector sensitivity improves, systematics must be mitigated. For example, stray light
within an optics tube results in loading onto the detectors, degrading the signal-to-noise
of the camera. To control and mitigate unwanted scattering within the optical system, we
develop meta-material absorbers which stop the scattering at the front of the telescope prior
to entering deeper into the optics tube. As presented in Chapter 3, we use the holography
receiver to characterize the meta-material absorbers in the mid-frequency band. We measure
the reflectivity and scattering properties of the meta-material absorber, and compare its
performance to alternative absorbers used in experimental cosmology. We find the integrated
scattering power is less than 1% with the angle of incidence < 45°. Such a reduction of
scattered signal has profound impacts on the sensitivity of the telescope and ensures the
detectors will not be as loaded with stray light.

Silicon is an optimal material for re-imaging the millimeter-wave photons onto detectors.
Its index of refraction provides fast re-imaging of the beam onto the detectors with low loss
of signal. The specific index of refraction informs the optical design of the telescope, and
thus it is crucial to know the exact loss and optical properties of the lenses during the optical
design and characterization of the instrument. The loss tangent is critical to constrain, as
it dictates the loss of power as signal propagates through a medium. Chapter 4 reports
the measured reflectivity of two silicon samples for potential use in cosmology experiments,
where the two samples are studied using a holographic imaging setup. This setup measures
the reflectivity over a range of frequencies and is then fit to determine the device’s optical
properties. From the reflectivity, we determine the loss-tangent of both samples, and find

the “intrinsic” silicon has a lower loss-tangent than the neutron-doped silicon across the mid-
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frequency band (75-160 GHz), therefore making it a better material for lenses in experimental
cosmology.

Integrating and testing the optical performance of a telescope prior to deployment is
novel; it is common to characterize the beam of a telescope at the site. However, once at
the site, it is nearly impossible to alter the hardware and probe its functionality. In Chap-
ter b, we present the characterization of the Simons Observatory Large Aperture Telescope
Receiver with radio holography. From this optical characterization, we determined a filter
to be the source of scattering which, when removed, improved the instrument’s efficiency in
the mid-frequency band by roughly 5%. Characterizing the fully integrated optical system
allowed for multiple tests and the careful discovery of additional sources of scattering prior
to deployment. We also determined the on-sky beam prior to deployment by propagating
the near-field measured beams through the LAT and into the far-field, verifying the on-sky
beam size is within SO’s requirement for science.

Following the characterization of the LAT optical system, we presented preliminary re-
sults of the SAT optical system measured with the same radio holography receiver (Chap-
ter 6). Though results are preliminary, we determine the on-sky beam to be (26.02" & 1')
in the F90 band, within the expected beam size of 24.95’. This further demonstrates the
applicability of radio-holography system to other optical systems prior to deployment. The
Simons Observatory’s ambitious science goals require precise instrumentation across angular
resolutions, and the SAT and LAT combined will further our characterization of the CMB
and the physics of our universe.

In Chapter 7, we present an application of machine learning to improving instrumen-
tation, namely, the SO’s Large Aperture Telescope. To enable large aperture cosmology
experiments, it is common to use large reflector mirrors which are made up of many panels.
Such reflectors can create wavefront errors due to the Ruze principle. This chapter presented
the SO dual reflector optical system (Large Aperture Telescope) and a method of measuring

the panel offsets using radio holography paired with machine learning. We found that this
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approach can yield < 5 um alignment errors, which is well within the requirement for SO’s
science goals.

Lastly, Chapter 8 presents a novel method for characterizing the AdvACT instrument’s
beam using measured point sources. From the maps, point sources are selected based on
various criteria and stacked to determine the instrument’s temperature and temperature-
to-polarization beams. While the current method employs planet-derived radial profiles,
this novel method provides a check and validation of the polarization leakage and window
function of the instrument. While we find the temperature-to-polarization leakage beams
are consistent between the two methods, we obtain inconsistent beams when we divide the
point sources into four quadrants based on their sky coordinates and estimate the beam from

each subset, suggesting that there is a spatial dependence to the beam shape.

9.2 Forecasting the Future of Cosmology

In this work, I presented the characterization of a variety of optical components for ground-
based cosmological experiments. Understanding the optical properties of the materials within
the telescope is crucial for predicting its optical performance. This becomes even more critical
as detectors will increase in sensitivity; optical systematics need to be tightly constrained.

For example, as telescope reflectors are scaled up (to increase angular resolution), they
will require careful calibration to ensure low wavefront errors, as this can drastically lower
the telescope’s gain. Additionally, the pre-deployment characterization with radio hologra-
phy will advance the field and ensure optimal optics for the field of precision cosmology.
Additional characterization of the instrument’s beam, as described in Chapter 8, will be-
come even more critical after measurements begin. This will ensure scan consistency of the
instrument and aid the precision of science goals such as gravitational lensing.

The Simons Observatory will see first light within the next year. From the advancements

in instrumentation, SO will constrain ng with an estimated uncertainty of o(ns) = 0.002 [37],
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improving the forecasted uncertainty of ACT’s DR6 of o(ns) = 0.003. SO will also constrain
the Standard Model with its precision measurement of the effective number of neutrinos,
Neg. SO will double the precision of ACT DR6, with an uncertainty of o(Nyg) = 0.05 [37].

Further down the line, CMB-S4 will further constrain cosmological parameters with ad-
vanced instrumentation and analysis techniques, beyond what is currently capable with ACT
or even SO. CMB-54 will extend technologies developed for SO and scale up the large aper-
ture telescope, thus increasing resolution and characterizing small-angular scales, and deploy
many Small Aperture Telescopes to characterize the low-¢ CMB spectra. For example, it
will constrain the Hubble Constant to an error of 0.24 km/s/Mpc, beating the precision of
SO.
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Appendix A

Open Source Holography

A.1 Open-Source Holography

Figure 5.3 shows a schematic of the RF electronics. Two local oscillators (LOs) produce
signals between 10 and 13 GHz. The LO1 synthesizer produces a signal between 10 and
13 GHz, while LO2 produces the same frequency with some offset f,gqet (this offset is cho-
sen to be 10 MHz). The offset frequency is what will eventually produce an intermediate
frequency exiting the mixer diplexers. The purpose of the mixer diplexers is to ensure the
signal from the first LO travels to the two mixers, and then ensures that the IF output of
the mixers travels in the opposing direction down the RF chain to the FPGA.

The LO1 signal goes to the active multiplying chain, where it is multiplied by 8(12),
obtaining frequencies in the F90(150)-band. Prior to leaving the source horn, -10dB of the
signal splits off, and mixes with LO2 in the harmonic mixer, producing an intermediate
frequency IF; which then goes through one of the mixer diplexers and to the FPGA. The
rest of the signal leaves the source horn, through the components of the LATR optics, and
the signal reaching the back of the optics tube mixes with LO2 in a GaAs harmonic mixer,
and the subsequent intermediate frequency, IF9, which also travels to the FPGA. The FPGA

used for these measurements is the Re-configurable Open Architecture Computing Hardware
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(ROACH 2) board, which correlates the reference and modulated signals [61].

»

Figure A.1: The Simons Observatory Large Aperture Telescope optics tube focal plane read-
out, which is cooled to 4 K during measurements. The holography receivers (two receivers
for redundancy) are approximately 7.4 cm from the center of the focal plane.

The signal from the source(receiver) needs to be amplified due to high loss levels in the
coax path from the harmonic mixer on the source to the reference mixer-diplexer (LATR?t
readout chain). To overcome this loss, amplifiers with attenuators increase the signal in the
RF chain prior to entering the mixer diplexer. The setup uses low phase variation coaxial
cables leftover from the DASI experiment [128]. The phase repeatability of the holography
setup is within &~ 3°. We further note that any drift in the map would present itself in the
phase map. This phase drift would be removed during the propagation into the far-field

when we optimize the position of the beam map in the LAT focal plane.
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The source moves in a 2-D grid above the LATRt with motorized XY stages [129]. The
source mounts to the stages such that the signal points downwards towards the LATRt
window. The laboratory is over 7.5 m tall, and therefore we expect reflection from the walls
to be diffuse. Therefore, the reflected signal is diluted before reflecting into the testing
system. The dominant reflections are from reflections within the optics tube, as the hexagon
side-lobe is the dominant side-lobe feature in the beam maps (Figure 5.4). Figure A.1 shows
the holography receiver readout at the back of the optics tube focal plane. An SO MF
feedhorn array is adapted for the holography experiment. On the readout side of the array,
attachment screws are added for attaching a circular to rectangular transition waveguide.
The transition waveguide connects the back of the focal plane (circular) to the GaAs W-
band harmonic mixer (rectangular). Though the design of the W-band harmonic mixer is
optimized for F90 frequency readout, the W-band harmonic mixer is used for both F90 and
F150 measurements (the entire SO MF band), allowing for a wider band of measurements

without separate LATR?t cool-downs.

A.2 Forward Modelling

As introduced in Section 5.4. 5.4.2, the holography source emits from a rectangular feedhorn,
and therefore result in a convolution of the electromagnetic field from the optics tube with
the field pattern on the feedhorn aperture. Convolving the simulated fields increases the
F90(150) far-field beam by 12.2(4.7)% and results in horizontal and vertical diffraction spikes
in the raw far-field calculation [78].

We carry out the forward modelling by building a simulation of the optics tube beam
pattern at the measurement plane. This model includes an empirical model of the scattering
of the optics tube with the hexagonal outline to model the boundary of the optics tube
window, and a similar amplitude and phase to what is measured. The resulting simulated

F90(150) beam matched the measured FWHP beam width within in 1.73(0.7)%. The simu-
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Figure A.2: Forward modelling method with the F150 band-averaged holography data. Col-
umn 1: Near-field holography data(top) and convolved simulation with a scattering term(bot-
tom). Square is 12 x 12cm. Column 2: Far-field holography data(top) and convolved simu-
lation with a scattering term(bottom). Diffraction spikes consistent with a convolution from
a square aperture are present in both the measured far-fields and the simulated far-fields,
due to the source horn having a rectangular aperture face. Square is 20 x 20 arcmin. Column
3: Far-field holography data with diffraction model removal(top) and convolved simulation
with a scattering term with diffraction model removal(bottom). Square is 20 x 20 arcmin.

lation also had the horizontal and vertical diffraction spikes in the far-field due to the impact
of the convolution with the holography source feed pattern [78]. The full forward modelling
process is shown in Figure A.2.

For visualization purposes, these spikes are removed by subtracting a model D(0y, 6y )
(amplitude of the electric field) consisting of a sinc function with a Gaussian width along
its narrow direction equal to the beam width (Eq. A.1), where ¢, and 6, are elevation and
azimuth, and we fit the 2 parameters oy and ap,- This model is based on the predicted

Fraunhofer diffraction pattern from a rectangular aperture [78] (e.g., the feed) and was shown

126



-35.0
30 -60
375 g & -2z
20 % 70 2 =
— “00g 80 2 £ 142
5 10 425 @ 2 5 e
0 -45.0 g _100? < g
-10 -475 3 ~1102 e
Near-Fiel
= -120 -20
cm] x [m] 6y [arcmin.]

Figure A.3: Simulated scattering term (power) in the near-field(left), at the secondary illu-
mination(middle) and propagated to the far-field(right). Each subplot is the band-averaged
simulation over all F150 frequencies.

to match the simulations.

~(63/403,+63/403,)

D(0y,0y) = exp sinc 0 sinc 0y (A.1)

The holography measurements showed scattering from within the optics tube (hexagonal
shape at -20dB in Figure 5.4). To understand how this scattering propagates through
the telescope, we add a scattering term (with both amplitude and phase) to the simulated
beam, and then propagate this beam into the far-field. We also investigate how the side-
lobes measured outside the main beam (Fig. 5.4) propagate into the far-field (Fig. A.3).
Reflections are known to be a problem in near-field beam mapping [73-75]. However, the
inferred amplitude of the probe is small, and we do not correct for reflections. The side-
lobe spreads out and is localized to 2 meters from the center of the primary and secondary

mirrors, and then leads to a 0.85° diffuse structure on the sky that is at the ~ —15 dBi level.

A.3 Measurement Requirements

Here, we discuss the measurement requirements to meet specific far-field grid resolution and
range from near-field data. Near-field beams with three signal-to-noise levels are propagated
into the far-field (for 90 and 150 GHz near-field beams); we simulate the near-fields to

have 20, 40, and 60dB signal-to-noise. The signal-to-noise propagated to the secondary
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illumination and far-field is listed in Table A.1.

F [GHZ] S/N [dB]
NF | Sec. | FF
90 20 | 21.7 | 40.0
40 | 37.0 | 43.9
60 | 45.4 | 43.9
150 20 | 18.0 | 39.3
40 | 35.5 | 43.8
60 | 46.0 | 43.8

Table A.1: Near-field simulated measurement signal-to-noise and resulting simulated side-
lobe power (at the secondary illumination and into the far-field). Signal-to-noise is calculated
as the standard deviation of the signal outside an 8.5 cm radius of the peak-normalized beam
(same resolution as Table A.2).

When planning the near-field scan, we consider the resolution and how the near-field grid
propagates into the plane of the secondary, due to the Fourier relationship between near-
and far-fields (Eq. 5.1), and into the telescope’s far-field through the modeling described in
Section 5.4.2. Table A.2 summarizes the scan size and resolutions and resulting far-field size

and resolution grids used in the holography measurements presented here. When planning

F[GHz] | NF [cm)] Sec. [m] FF [arcmin]
Size | Res. | Size | Res. | Size | Res.
90 50 | 0.25 [ 9.52 | 0.13 | 119.72 | 0.60
150 50 | 0.20 | 6.66 | 0.06 | 128.40 | 0.52

Table A.2: Near-field scan size and resolution, and resulting scan size and resolution at the
secondary illumination and in the far-field.

the near-field scan, we consider the resolution and how the near-field grid propagates into
the far-field, due to the Fourier relationship between near- and far-fields (Eq. 5.1). Table A.2
summarizes the scan size and resolutions and resulting far-field size and resolution grids used

in the holography measurements.
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Appendix B

Holography Receiver Polarization
Through the Large Aperture

Telescope Optics Tube

Using the holography experiment, we obtain measurements for the cross-polarization of the
LATR tester, including holography linearly polarized source, dielectric polarizing grid, optics
tube, and holography receiver. In order to model the polarization response in the setup, we
employ Mueller matrix math to modulate the Stokes parameters of the signal throughout
the setup.

Here, we derive each component of the polarization modulation using Mueller matrix
notation [130]. This model is then fit to the measured response through the polarized grid
in the LATR tester optics tube, using the same holography receiver. The power measured

by the detector P,; can be modelled as a series of polarization modulations:
Py(0) = Sq(¢a, €) - Mo - Myg(0,ng) - Ss (B.1)

where the source emits the Stokes parameters S, s, which is then modulated by the grid Mg.

The field then enters the optics tube MOT and is measured by the detector Md. These data
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were used to quantify the grid efficiency 7y, the cross-polarization of the instrument e (this
can be complex), and the tilt-offset of the holography detector ¢;. We are fitting our data

to this model, where we fit the 3 parameters e, 14, and ¢,.

B.1 General Notation

B.1.1 Stokes Parameters

First, let’s define our basis of Stokes parameters and how they physically relate to our setup.

The Stokes parameters are:

2 2
I = |Ep|” + | Byl
Q= |E|* - |E,

V = i(B,E} — ESEy)
B.1.2 Jones into Mueller Matrix

To derive the model, we employ Mueller matrix notation. We often start by modeling a
component by its Jones matrix, then converting to its Mueller matrix to interact with the
Stokes parameters of the setup. Therefore, here I review this conversion. Converting the

Jones matrix J to Mueller matrix M:

M=A(J®J)A™! (B.3)

130



with the A matrix:

1 0 0 1 1 1 0 0
1 0 0 -1 L1001
A= and A" =-— (B.4)
01 1 0 210 0 1 —i
0 —2 2 0 1 -1 0 0

B.1.3 Rotation

We often need to convert our Stokes parameter matrix into an instrument’s local coordinate
system in order to determine how that instrument will modulate our signal. Therefore, we

will often use the rotation matrix:

1 0 0 0
0 cos20 sin26 0
Mot = (B~5)
0 —sin26 cos20 0
0 0 0 1

B.2 Mueller Matrices

Here we list the individual matrices which make up the full model of the measurement. We

use Mueller matrices to modulate the polarization of the holography source §CO’CT.

B.2.1 Polarized Source

The Stokes parameters of a general polarized source are expressed by a matrix S

T
(B.6)

§={IQUV

The holography source, specifically, is linearly polarized (TM-mode) (meaning we only in-

clude the I and @) Stokes parameters). The Stokes parameters of a linearly polarized source
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along the 6 = 0° axis:
T

(B.7)

560:|:1 1 00

The second source polarization was obtained by adding a waveguide twist directly onto the
source’s output, prior to the rectangular horn. Therefore, the Stokes parameters of the

source in the 8 = 90° axis is modeled as:

B.2.2 Polarizing Grid

The signal is first modulated by the polarized grid prior to entering the optics tube. The
purpose of the grid is to transmit one polarization and reflect the other. However, in the case
of an imperfect polarizing grid, some of the ond polarization may also transmit (a fraction
of the 15 polarization). Therefore, we define the Jones matrix as the following, where the

majority of the signal along the z-axis is transmitted (t; > ty):

where t, =~ 1 and t ~ 0. Now, as before, we convert to the grid’s Mueller matrix:

[t l® + [ty * Jtl? — [ty 0 0
1
Mg =S\ |tal? = [ty? [tal® +1tyl* 2Re{(taty)} —2Im{(tst})} (B.10)
0 0 2Im{(t.t5)}  2Re{(tst;)}
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The efficiency of our wire grid is defined by the transmission through the z-axis t,. We want

to determine the grid efficiency from our data, so we can re-write our Mueller matrix as:

ng 1 1—n2 —\/1-n] (B.11)

Lastly, we rotate the grid via the Myt (0) matrices:

My(0,ng) = Mgt(m - Mgy(ng) - Mot (0) (B.12)

B.2.3 Optics Tube (Generic Instrument)

To model the polarization modulation from the optics tube, we consider a simple Jones

matrix:
1 0
JoT = . (B.13)
0 Aei?
Converting this to a Mueller matrix yields:
1+A% 1- A2 0 0
111—42 1+ 42 0 0
0 0 2Acos¢p 2Asing
0 0 —2Asing 2Acos¢
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We define the instrument’s polarization as Ap = %\/ 1 — A2, Here’s we only consider ¢ = 0

or else we would find A < 1, which isn’t physical in our setup. Our Mueller matrix becomes:

1-\p
- 1| Ap
Mot = 5
0
0

Ap
1 Ap
0
0

0 0

0 0
Vie%r 0

0 JI-2p)

(B.15)

Our model for instrument polarization is aligned along a specific axis, so we need to rotate

this matrix into the appropriate local coordinate system via the rotation matrix M;.o¢.

B.2.4 Detector

We model the detector as an imperfect polarizer, to include any small cross-polarization

from the receiver:

where € = ¢g(cosd + isind). The Mueller matrix then becomes:

1—|—€%

2
1—60

N =

1
1

To simplify this down to one parameter, we define €

then as:

1—6(2)
1+6(2)
0
0
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0
0

2epcosd  2€psind

0
0

—2¢epsind  2eqpcosd

2

(B.16)

(B.17)

X. We rewrite our Mueller matrix



l+y 1—=x 0 0

1— 1+ 0 0
M, = o (B.18)

10 2yx 0
10 0 2/x

Because the power out from the detector Pyt is the I component of the Stoke’s parameters,

we then get the final §Out with:

Sa(dg,€) = {1 0 0 O} - Mg - Myot(dq) (B.19)

B.3 Putting It All Together

Combining all components of the model, we fit the following to our polarization holography
data:

Py(0) = Sy(bg,€) - Mot - My(8,ng) - Ss (B.20)

where we fit for detector tilt angle ¢4, detector cross-polarization €, and grid efficiency ng.
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Appendix C

Harmonic Transform of the On-Sky

Beam

Here we show the derivation to convert our beam B(f) to its spherical transform by. The

spherical harmonics are functions defined on the sphere as

Yo () = Py, (cos 0) exp{imao} , (C.1)

where Py, are the associated Legendre polynomials, ¢ and m are multipoles, and 6 and ¢
are standard sky coordinates. The associated Legendre polynomials are defined in terms of

Legendre polynomials as:

— |m|)! ud
Pon(o) = (-1 2R [T - b (e

The spherical harmonics are orthonormal, and thus obey the relation

2T
/ / ngm(ﬁ)}/;m/(ﬁ) sinQ dQ dqf) = 5%’5771771’ s (C3)
0 0

where 7 is the complex conjugate of z and 4;; is the Kronecker symbol.
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In a spherical harmonic transform, we compute the coefficients f,, used to express a

function f(n) as

00 14
FA)=>">" fomYom(n) . (C.4)

{=0m=—/4

The coefficients can be computed using the equation

2t pm
fom = /O /O f(n)Yy,,(n)sin6 db de (C.5a)

2 pm
= / / f(n) Py, (cos ) exp{—im¢} sin @ db de . (C.5b)
0 0

If f(n) is independent of ¢ (as is approximately true for our beam), then we can write f(n)

= f(#) and the equation above becomes

2m s
fom = / exp{—im(b}dgb/ f(0) Py, (cosf)siné df . (C.6)
0 0

The integral over ¢ then simplifies to

27 .
/ e TP 4y = 218, - (C.7)
0

So fy,, is only non-zero for m = 0, in which case we have

s
foo = 27r/ f(6)Pyy(cos @) sinb do (C.8a)
0
1
= 27r/ f(6)Pyy(cos @) dcosb . (C.8b)
-1
This is the equation for the spherical harmonic coefficients of an axisymmetric function f(6).

The coefficients Fy of the Legendre polynomial transform of f(6) are related to the spherical

harmonic coefficients as:

47
Fyp= fém\/—%+ T (C.9)
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The beam transform B, that is used to describe the convolution of the sky with the
telescope’s beam is defined as the Legendre polynomial transform of the beam function B(6)

(see e.g. Eq. 48 in [127]).
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