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ABSTRACT OF THE DISSERTATION

Characterization and Deployment of the POLARBEAR-2b Receiver to

Measure the Cosmic Microwave Background Polarization
by

Jennifer Chiemi Ito

Doctor of Philosophy in Physics
University of California San Diego, 2022

Professor Kam Arnold, Chair

The Simons Array, located in the Atacama Desert in northern Chile, is a project
designed to measure the polarization of the cosmic microwave background (CMB).
Studying the CMB in this capacity provides insight into the history of our Universe
and contributes to the understanding of its current evolution. The POLARBEAR-
2b receiver is the second cryogenic receiver designed and built for the Simons Array.
This instrument houses over 7,000 transition-edge sensor bolometers cooled to a base
temperature of 250 millikelvin that are read out with a digital frequency multiplexing
scheme that minimizes the internal wiring. The signals are amplified using super-

conducting quantum interference devices that are cooled to 4 Kelvin. The optical
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components of this receiver include a ultra-high molecular weight polyethelyne win-
dow, a cryogenic, continuously rotating half-wave plate, an infrared-blocking filter,
and three reimaging alumina lenses with a lyot aperture. Careful assembly methods
of all the elements mentioned to build the receiver are necessary to ensure successful
operation of the instrument during in-lab testing and in the field.

POLARBEAR-2b was integrated at UC San Diego before it began its deployment
in January 2020 and was hoisted onto the Paul Simons telescope in July of 2022.
This dissertation focuses on the final in-lab integration testing and results as well
as the receiver assembly methods and modifications that enabled a successful field

deployment of the POLARBEAR-2b receiver.
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Chapter 1

Cosmology and the Cosmic

Microwave Background

1.1 Modern Cosmology

Cosmology is firstly defined as “a branch of philosophy dealing with the origin
and general structure of the universe, with its parts, elements, and laws, and espe-
cially with such of its characteristics as space, time, causality, and freedom,” with
the second definition being “the branch of astronomy that deals with the general
structure and evolution of the universe” [7]. While cosmology is commonly known
as a specialization of physics and astronomy, cosmology as a branch of philosophy
predates its emergence as a field in physics and astronomy. Before cosmology was
cosmogony' which focused on the origin of the Universe instead of just the structure
and evolution; hence, this type of study of the Universe was more philosophical and

religious in nature [20]. However, beginning in 1917 with Einstein’s theory of general

IPerhaps one of the greatest confusions is this difference between cosmology and cosmogony.
Cosmology is the study of the structure and evolution of the Universe whereas cosmogony is the
study of the origin of the Universe. Cosmology may imply a cosmogony, but it does not directly
define it.



relativity, cosmology quickly developed strictly as a branch of physics and astronomy
and has continued to indirectly describe a cosmogony [34, 20].

Einstein’s first solution to his general relativity equations resulted in a static,
eternal Universe. However, in 1922, physicist Alexander Friedmann presented a
mathematical argument that multiple dynamical models of possible Universes could
be described using Einstein’s general theory of relativity. This is the first time that
an origin for the Universe was derived from physics and not philosophy [20]. In
1931, a Belgian astrophysicist and priest Georges Lemaitre proposed a solution to
Einstein’s theory that described the Universe as currently expanding and having a
beginning as a “primeval atom”. During this time, the late 1920s, Edwin Hubble
determined experimentally that the Universe is expanding.

While there was now evidence for an expanding Universe, the dominant cos-
mogony remained that the Universe did not have a beginning but remained in a
steady state where matter was continuously being created in the expanding Uni-
verse. However, a rivaling theory, nicknamed the “big-bang theory” by its critics,
was postulated by George Gamow in a 1948 paper. Building on Lemaitre’s primeval
atom, Gamow proposed that the “big-bang” Universe would at first be radiation
dominated, and as the Universe expanded, the energy would convert mostly to mat-
ter. Ralph Alpher and Robert Herman joined Gamow in his work and predicted that
a remnant of radiation would remain from this “big-bang” and have a temperature
of around 5 degrees Kelvin. In 1963, astronomers Arno Penzias and Robert Wilson
discovered an all-sky microwave radiation that was analyzed in 1965 by Robert Dicke
as radiation having a temperature of about 3 degrees Kelvin [12]. This discovery was
accepted as the remnant radiation of the big-bang and is known as the cosmic mi-
crowave background. With this, the big-bang model became the foundation for the
current widely accepted model for modern cosmology - the standard cosmological

model.



1.2 The Standard Cosmological Model

Einstein’s general theory of relativity provides a way to see how energy in and the
geometry of the Universe are related. Einstein’s original equations can be expressed

as shown in Equation 1.1.

G = 81GT), (1.1)

The energy information is incorporated into 7}, which is the energy-momentum
tensor. The geometry of the Universe is described with the Einstein tensor G,. The
variable G is the gravitational constant, and the speed of light is set to 1.

Later, Einstein added a parameter called the cosmological constant. Although
he removed the constant when it was determined that the Universe was expanding,
the cosmological constant has been reinserted as it has been observationally deter-
mined as necessary for describing a dynamical Universe [24]. The general relativity

equations for the current cosmological model is then

G + Agy = 87GT), (1.2)

The cosmological constant is A, and g, is the metric tensor.

To solve this, the cosmological principle is applied which states the Universe is
homogeneous and isotropic. Homogeneity means that the Universe is the same ev-
erywhere while isotropy means that there is no preferred direction in space. Having
one does not automatically imply the other is true. The metric? that satisfies the cos-
mological principle is known as the Friedmann-Lemaitre-Robertson-Walker (FLRW)

metric and can be written as

2A metric turns coordinate distance into a physical distance. In two dimensional coordinate
geometry, the metric is the Pythagorean theorem which tells the physical distance between two
coordinate points. In general, there are four space-time dimensions - time and three spatial dimen-
sions.
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The variable a is a parameter called the scale factor and describes the expansion
of the Universe. This scale factor measures the physical coordinate distance of a
system. Figure 1.1 illustrates how the coordinate system itself is scaling up while
the coordinates of the box corners remain constant as a function of time. Each side
of the box (physical distance) is expressed as the scale factor as a function of time
a(t) multiplied by the distance between two coordinates. How a(t) evolves with time
is dependent on the energy density of the Universe. The scale factor at present day

equals 1.
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Figure 1.1: This figure illustrates the expansion of a coordinate system. The co-
moving distance (distance between two coordinate points) remains constant while
the physical distance grows as time progress from left to right. The physical distance
is proportional to the co-moving distance times the scale factor which increases with
time.

The Hubble parameter is defined as Equation 1.5 and shows how quickly the scale

factor changes. The numerator is the time derivative of the scale factor.



a

H(t) = (1.5)

a

After using the FLRW metric to solve Einstein’s equations, the result is the
Friedmann equations which is a function of curvature of the Universe. There are
three different options for curvature. The first is a spherical or closed geometry
where the sum of the angles in a triangle equal more than 180°. The second possible
geometry is the hyperbolic or open geometry where the sum of the angles in a triangle
equal less than 180°. The third possibility is a flat geometry where the sum of the
angles in a triangle equals 180°. Assuming the cosmological principle and a flat

Universe, the first Friedmann equation can be written as

H2(p) = 0 [pu) ; p;;(tfol (16
where
3H?

which is called the critical density. Here, GG is the gravitational constant and Hj is
the present day Hubble parameter.

Another method for determining the geometry of the Universe is by the density
parameter €. The density parameter (Equation 1.8) is the ratio of the observed
energy type over the critical density. The sum of the density parameters for each
type of energy describes the curvature of the Universe. If {2, is 1, then the Universe

is flat. If Qs < 1, the Universe is closed. If €, > 1, the Universe is open.

0=" (1.8)

The current calculation for the density parameter is very close to but not exactly

one indicating that our Universe is very close to flat. One method of determining the



energy densities in the Universe is by studying the cosmic microwave background.

1.3 The Cosmic Microwave Background

The early high energy state that Gamow proposed is presently described as an
ionized plasma of nuclei, electrons, and photons. The temperature was above 3000 K
so no stable atoms could form since any bound electron was immediately scattered
by a high energy photon. Through these collisions, the photons are in thermal
equilibrium and can be described as black-body radiation. Equation 1.9 shows the

intensity of a gas of photons with a black-body spectrum as a function of frequency.

_ dmhy3 | c
Y exp{2rhv/kgT} — 1

As the Universe expanded, it cooled and a phenomenon known as Big Bang Nucle-

(1.9)

osynthesis occurred which determined the relative abundances of cosmic particles.
As the Universe continues to cool, photons also lose energy and can no longer easily
ionize nuclei. Neutral hydrogen forms beginning an epoch called recombination, and
at the end, photons no longer interact with any atoms and are thereby decoupled
and free-streaming. These free-streaming photons are what make up the cosmic
microwave background (CMB).

With the expansion of the Universe, the number density of photons decreases and
the photons are redshifted. The relationship between redshift (z) and the wavelength
and the scale factor (a) is shown in Equation 1.10

Aobs 1

1+ 2= == (1.10)

/\emz’t a

Due to how energy density changes with frequency and temperature, the CMB retains
its black-body spectrum [22]. Presently, the CMB is measured to have a black-body
spectrum with a temperature of 2.725 £ 0.001 Kelvin.



After its initial discovery, the CMB has been rigorously studied and continues
to push the advancement of scientific technologies to better study the CMB. The
Cosmic Background Explorer (COBE) satellite was the first instrument to show that
the predicted blackbody spectrum of the CMB and the actual measurement of the
CMB agreed (Figure 1.2). This study confirmed the homogeneous and isotropic
nature of the CMB.
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Figure 1.2: This plot shows the initial measurement of the CMB taken by the
COBE satellite. The data points are well-fit by a black-body spectrum curve. The
plot is taken from the original paper published in 1990 [25].

1.3.1 Temperature Anisotropies

While the CMB is isotropic to less than ~ 0.01%, there are small temperature
fluctuations over different spatial areas. Instead of looking at deviations over spatial
dimensions, it is possible to quantify a temperature power spectrum as a function

of angular scale. The initial ionized plasma can be modeled as a perfect fluid with



gravitational potential wells. Baryonic matter falls into the potential well, and the
density oscillates creating temperature fluctuations. The oscillations can be treated
like sounds waves and described as a superposition of harmonic oscillators of different
scales. The CMB temperature map of the sky can be Fourier transformed in order
to understand the magnitude of the oscillations across the different size scales.

The temperature power spectrum is depicted by Figure 1.3 from the Planck Col-
laboration. The x-axis are the spherical harmonics that denote angular scale. The
smaller ¢ represents larger angular scale and the higher ¢ represents small angular

scales. The corresponding angle for a given / is

180°
l

0 ~
The y-axis is

o _ 0+ 1)CIT

D! 5 (1.11)

where

1 .
Cg = mm§z<a@ma€m> (112)

represents the power spectrum amplitude where a;,,, is the amplitude of the associated
spherical harmonic in the decomposition of the sky map into its spherical harmonic
components.

The resulting temperature power spectrum contains information beyond tem-
perature fluctuations. The location and relative heights of its peaks encode the
distribution of energy in the Universe as well as its geometry. The features shown in
Figure 1.3 can be described by a single 6-parameter model [30]. The six parameters
used are the baryon density today, the cold dark matter density today, the Thomson

scattering optical depth due to reionization, the scalar spectrum power-law index,
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Figure 1.3: This figure shows the temperature power spectrum as a function of
spherical harmonics (¢). The blue points are analyzed data from Planck and the red
line is the theoretical curve. The bottom plot shows the residuals between the data
and theory. Figure courtesy of the ESA and the Planck Collaboration [30].

the log power of the primordial curvature perturbations, and an approximation to
the angular size of the sound horizon [29].

The first peak provides information about the geometry of the Universe. The
position in ¢ of the first peak contains information regarding densities of different
types of energy and is consistent with a flat Universe. The relative height and
location of the second peak tells more about baryon matter in the Universe. The
more baryons means the second peak is relatively suppressed compared to the first
peak. The amount of baryons also affects the peak positions slightly by slowing
oscillations and by damping oscillations which would be more evident in the tail of
the curve. The relative height of the third peak indicates the amount of dark matter
in the Universe. The amount of dark matter would also affect the location of the
peaks. The position of the higher peaks and the rate at which they are damped can
provide further confirmation on the relative energy densities and curvature of the

Universe. These higher peaks are on angular scales that are smaller than the mean



free path of a photon at recombination. As a photon executes a random walk path,
it may thermally average out which would eliminate any temperature fluctuations on

that scale causing the amplitude of the peaks at high ¢ to be exponentially damped.

1.3.2 Polarization

Another effect of temperature anisotropies is the polarization of the CMB. The
polarization is theorized to come from Thomson scattering that occurred in quadrupole
temperature anisotropies that existed during recombination. Thomson scattering oc-
curs when a photon elastically scatters off of a free charged particle such as an elec-
tron. It polarizes photons similarly to how photons are polarized when scattering off
a surface. The result is linear polarization of the CMB photon.

Quadrupole temperature anisotropies can be generated by two means - scalar
and tensor perturbations. Scalar perturbations are equivalently density perturba-
tions. The resulting relatively high and low density regions correspond to hot and
cold spatial regimes which create quadrupole anisotropies. Tensor perturbations, or
gravitational waves, squeeze and stretch space creating hot and cold regions. Thomp-
son scattering from density perturbations cause photons to have curl-free polarization
and as such are called E-modes, while tensor perturbations imprint divergence-free
polarization and are referred to as B-modes. Gravitational lensing can also convert

E-mode polarization into B-mode polarization.

1.4 Inflation

There are two dominant inconsistencies that arise with an isotropic and flat Uni-

verse.

e Horizon problem - Given the age of the Universe at the time of last scattering,

there is not enough time for the CMB to be homogeneous and isotropic. CMB

10



photons on opposite sides of the Universe are not in causal contact.

e Flatness problem - Also known as a fine-tuning problem, the flatness problem
addresses the fact that very unique circumstances had to have happened for
the Universe to have the nearly flat geometry we observe today as being just

under or over dense would cause a run-away effect.

In order to address these two problems, a theory called inflation has been de-
veloped as an event that would be evident in the temperature anisotropies and po-
larization of the CMB. Inflation is a theorized hyper-expansion of the Universe less
than fractions of a second after physical energy came into existence®. It solves the
horizon problem since photons that began in causal contact are rapidly spread out
such that they are still in thermal equilibrium. This rapid expansion also generates
a scenario where under certain conditions the Universe would asymptote to a flat
geometry.

While inflation can explain the mechanisms that caused some of the aforemen-
tioned observed properties in the CMB, the evidence that is considered as the
“smoking-gun” proof for inflation would be finding primordial B-mode polarization
in the CMB. This polarization would be caused by tensor perturbations that de-
veloped from inflation. Finding this polarization is the scientific motivation for the

project that is described in this dissertation.

1.5 Foregrounds

There are other millimeter wavelength signals that contaminate the CMB signal
and obfuscate the search for primordial B-modes. These signals are termed as fore-
grounds. Some are polarized while others are not. Careful removal of the polarized

foregrounds is necessary to accurately detect a primordial B-mode signal.

3Some call this singular event the Big Bang while others define the Big Bang as something that
is continuing now.
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The first common culprit that dominates at frequencies above 100 GHz is ther-
mal dust emission from our galaxy. In the interstellar medium, there are dust grains
that emit thermal radiation from intrinsic vibrations. The second common source
of foreground is synchrotron radiation. Synchrotron radiation dominates at lower
frequencies. It is broadband emission that occurs when charged particles travel in
curved paths, such as cosmic ray electrons being affected by the galactic magnetic
field. Both thermal emissions from dust and synchrotron radiation are polarized
foregrounds. Figure 1.4 shows the RMS brightness temperature as a function of fre-
quency for the CMB, thermal dust emissions, and synchrotron radiation. Brightness
temperature is the blackbody temperature that a source would have to have such

that its intensity at that frequency matches that of a blackbody.
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Figure 1.4: This figure shows the RMS brightness temperature vs frequency of the
CMB, thermal dust emissions, and synchrotron radiation. The black dotted lines
show the sum of these two foreground emissions. Figure courtesy of the ESA and
the Planck Collaboration [28].
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1.6 State of the Field

Discovering this primordial B-mode polarization of the CMB is an exciting and
ongoing area of research. In addition to primordial B-modes, further study on lensed
B-modes is pursued to study the matter distribution in the Universe and to better
understand constraints on the sum of neutrino masses. The current B-mode power

spectrum from four ground-based CMB experiments is shown in Figure 1.5.
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Figure 1.5: This plot shows the B-mode polarization spectrum from four ground-
based CMB experiments. The black curve is the theoretical 2015 Planck ACDM
spectrum. The figure was generated by the POLARBEAR Collaboration and was

originally published in [2].

The following chapters focus on detailing the Simons Array which is a set of
next-generation POLARBEAR receivers whose science goals are to detect primordial
B-modes and contribute to the current studies on the lensed B-modes. The last
published sensitivity projections for Simons Array are o(r) = 0.006 for » = 0.1 and

o(33_;m?!) = 40 meV for the sum of neutrino masses [19].
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Chapter 2

Simons Array Overview

2.1 Observation Site

The Simons Array telescopes are located on the Cerro Toco plateau in northern
Chile. They sit at an elevation of 5200 meters where the atmosphere is approximately
half of that at sea level. Due to atmospheric water vapor reflecting and emitting
millimeter wavelength light, the geographical site to establish these ground-based
instruments must be in a dry environment to reduce pollution of the CMB signal.
The water in the atmosphere is measured by a metric called precipitable water vapor
(PWV) which is a unit that measures the equivalent depth of water that could be
precipitated in a column of atmosphere. On average, the PWV at the Cerro Toco
plateau is ~1 mm.

Figure 2.1 shows the atmospheric transmission as a function of frequency. The
CMB as a 2.725 Kelvin blackbody has a peak frequency of ~ 160 GHz and is also
measurable at 90 GHz. Therefore, our CMB detectors were designed to take advan-
tage of the two transmission windows containing these frequencies. Figure 2.1 also
shows how different levels of PWV affects transmission as a function of frequency.

Water vapor and oxygen emit photons within our detector frequencies which gen-
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erates a fundamental limit to our sensitivity. This emphasizes the requirement of
a low-PWYV observation site for ground-based instruments. Larger PWV levels cut

transmission particularly at higher frequencies.
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Figure 2.1: A plot that shows the transmission windows given different levels of
PWYV. The upper most curve is with hypothetical 0 mm of PWV, and as the PWV
increases, the maximum transmission, especially at higher frequencies, decreases.
The average PWV at the site is ~ 1 mm. This plot was generated using the am
modeling software [27]

2.2 The Simons Array Telescopes

Simons Array is a set of three identical telescopes coupled with cryogenic re-
ceivers. They are roughly arranged in a line from north to south. The northern most
telescope, which is the Nicholas Simons telescope, hosts the POLARBEAR-2a (PB-2a)

receiver and has been undertaking an engineering run since its first light in 2018. The
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southern most telescope, the Paul Simons telescope, is the new home of the second
receiver, namely POLARBEAR-2b (PB-2b). The middle telescope is the Huan Tran
telescope which houses the original POLARBEAR receiver. The third receiver of Si-
mons Array, POLARBEAR-2c (PB-2¢), will replace this original POLARBEAR receiver
in this telescope.

The telescopes utilize a Gregorian Mizuguchi-Dragone design which provides low
cross polarization and low astigmatism [37, 36]. Each telescope has a 2.5 meter
primary mirror coupled to a 1.3 m-diameter secondary mirror which then couples
to the receiver. Panels around the primary mirror are installed to reduce ground
reflections and extend the primary diameter to 3.5 meters. The secondary mirror
is enclosed in the receiver enclosure with the receiver. The telescope can move in
azimuth 400° and elevation from just below the horizon at (0°) to zenith (90°).

A boom structure extends from the base of the primary mirror and is the attach-
ment point for the receiver, its enclosure, and the saddlebags. The saddlebags are
cabinets that house the electronics for reading out the detectors, receiver controllers,
and monitoring receiver temperatures (housekeeping). The receiver enclosure is made
of aluminum honeycomb panels that are bolted to an aluminum frame that is at-
tached to the boom structure. The enclosure is designed to protect the receiver and
secondary mirror from the outside elements. A baffle cone allows photons from the

primary mirror to enter the receiver enclosure.

2.3 Polarbear-2 Receivers

POLARBEAR-2 receivers (PB-2) are cryogenic structures and the next generation
of the original POLARBEAR cryogenic receiver (PB-1) that began observations in
2012. While the general structure of the PB-1 and PB-2 receivers is the same, a
PB-2 receiver houses nearly six times as many detectors as PB-1 and incorporates

new polarization modulator technologies and other changes necessary for supporting
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Figure 2.2: Cross section of the telescope with the receiver overlaid with a ray
diagram. Figure courtesy of Lindsay Ng Lowry and was originally published in [23].
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more detectors. This section describes the general structure of PB-2 receivers with
some notes specifically regarding PB-2b as PB-2b is the focus of this dissertation.
Each receiver consists of two sections, the backend and the optics tube. Figure
2.3 shows a cross section of the receiver with some dimensions and major components
labeled. The section from the backend aperture to the window is referred to as the
optics tube, and the section to the left of the backend aperture is called the backend.
The backend section houses the detectors and cold detector readout. The optics tube,
as the name implies, houses all the optical elements. The receiver as a whole consists
of nested aluminum shells with the innermost shells at a nominal temperature of 4
K, the middle shells at a nominal temperature of 50 K, and the outermost shells at
ambient temperature (~ 300 K). Multi-layer insulation (MLI) is placed in between
each set of shells to thermally isolate them from each other. The focal plane of

detectors is further cooled by a 3He/*He fridge to 0.25 K.

2.3.1 Receiver Structure

The Backend

The backend of the receiver has outer dimensions of approximately 1.2 m x 0.4
m X 0.9 m. The 4 K shell is divided into two compartments with a rectangular
opening in between. The larger section houses the focal plane tower (FPT) and su-
perconducting quantum interference devices (SQUIDs) for reading out the detectors.
The smaller section houses thermometry readout boards for the FPT, millikelvin
refrigerator, and 4 K shell. The millikelvin refrigerator heatstraps are fed through
the rectangular opening between the two compartments connecting the FPT to the

millikelvin fridges.
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Figure 2.3: Cross section of the PB-2b receiver, the second of the three Simons
Array receivers. The box-like structure on the left side of the backend aperture is the
backend, and the cylindrical structure extending to the right of the backend aperture
is the optics tube. Unique to PB-2b is the half-wave plate inside the receiver (Section
2.4.1).
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Figure 2.4: Three photos that show the three different sides of the backend. The
center image is the backdoor of the backend, and the left and right photos are the left
and right sides respectively of the backend. The front (not shown) has the backend
aperture to which the optics tube is mounted. The left side is referred to as the
turbo side since an Agilent turbo pump is mounted on that side for pumping out
the receiver. The right side is referred to as the PTC side since that side has the
backend pulse-tube cryocooler mounted in it.

The Optics Tube

The optics tube is also built from sets of three concentric cylindrical shells, where
the innermost shell is at 4 K, the middle shell is at 50 K, and the outermost shell
is the vacuum shell at room temperature (~ 300 K). It measures approximately 1.5
meters in length and 0.7 meters in diameter. There are three anti-reflection coated
alumina lenses and a lyot stop that resides in the 4 K shell. At 50 K, there is an
alumina infrared (IR) blocking filter. A millimeter wavelength transparent cap is
placed on the sky-side end of the outermost shell. This cap is referred to as the

“window” and vacuum seals the sky-side of the optics tube.

2.3.2 Receiver Cryogenics

There are two pulse tube cryocoolers (PTCs) integrated with the receiver. One

is installed in the backend, and the other is mounted in the optics tube. Each PTC
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has two stages (coldheads) with the first stage providing ~ 50 W of cooling power
at 50 K with ~ 1.35 W of cooling power at 4 K for the second stage. The entire
cooling system is comprised of a compressor, pressurized hoses and a PTC. These
PTCs utilize adiabatic expansion and compression of helium gas to extract heat
from the system. We use PT415 cryocoolers and systems provided commercially by
Cryomech!.

The cryogenic requirements of the receiver come from the necessity of cooling
multiple components to certain temperatures. In the backend, the detectors and
cryogenic readout have certain requirements. Fundamentally, the detector noise is
determined by the temperature at which they are operated, so to keep the detector
noise below the photon noise from the atmosphere, the detector bath temperature
must be ~<0.3 K. The superconducting transition temperature of the detector is
set using this requirement and must be cooled below its transition temperature for
operation. Other superconducting components like lossless transmission lines and
SQUIDs are used and must be cooled below their superconducting transition tem-
perature in order to use them as intended. In the optics tube, the reimaging lenses
and the lyot stop are cooled to ~ 4 K to minimize their optical loading on the detec-
tors. In PB-2b, the cryogenic half-wave plate (Section 2.4.1) must be cooled below
its critical temperature so that it can levitate.

At UC San Diego, the PB-2b backend with its PTC was validated independently
and calculated to have a loading of ~ 40 W on the 50 K stage and ~ 0.30 W on the
4 K stage [15]. The PB-2b optics tube was validated at UC Berkeley and calculated
to have a loading of ~ 38 W on the 50 K stage and ~ 0.8 W on the 4 K stage
[18]. Figure 2.5 shows the receiver cooling of the final in-lab PB-2b receiver run after
integration in the lab at UCSD.

For cooling to sub-Kelvin temperatures, we use helium adiabatic refrigerators

Thttps://www.cryomech.com/
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Figure 2.5: Top: A plot of the cooldown curve of the main 4 K and 50 K elements
of the PB-2b backend during the final in-lab integrated receiver run. Bottom: This
figures shows the cooldown curve of the main 4 K and 50 K elements of the PB-2b
optics tube during the same run.
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from Chase Research Cryogenics® which are multi-stage adsorption fridges. They
cool through evaporative cooling of *He and *He as the coldest temperatures achieved
are lower than 2 K. Figure 2.6 shows a cartoon of one stage of a refrigerator. There
are four basic parts: heat switch, pump, condenser, and evaporator. With the heat
switch open, gas condenses into the evaporator creating a pool of liquefied helium
in the evaporator. When the heat switch is closed, the pump cools down, drawing
evaporated helium up from the evaporator, thereby cooling the evaporator. The
evaporator is considered the "head” and is what the millikelvin heat straps attach to
to cool the FPT. The fridge in PB-2b uses three successive stages of cooling (one of
“He and two of 3He) to achieve the detector temperature of 0.25 K in the expected
1.0 uW of thermal load on the focal plane.

Pump
Heat
witch

S
m

Evaporator

Figure 2.6: A cartoon of a single stage in the millikelvin refrigerator. There are four
basic parts: heat switch, pump, condenser, and evaporator. With the heat switch
open, gas condenses into the evaporator creating a pool of liquefied helium. When
the heat switch is closed, the pump cools down, drawing evaporated helium up from
the evaporator, thereby cooling whatever is attached to the evaporator.

2https://www.chasecryogenics.com/
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2.3.3 Detectors and Cryogenic Readout

POLARBEAR-2 receivers utilize a digital frequency multiplexing (DfMux) scheme
in order to read out thousands of detectors in a more efficient manner. Figure 2.7
shows a general schematic of the system. Starting from the warmest stages at room
temperature, the iceboards and SQUID controller boards control the cryogenic read-
out and detectors. Both the iceboards and SQUID controller boards are designed and
produced by McGill University. At 4 K live the SQUID cards which are connected to
the multiplexing unit (LC boards) by niobium-titanium waveguides (striplines) and
reside at sub-Kelvin temperatures. The LC boards are niobium chips with inductor-
capacitor resonators, where each resonator couples with a detector (bolometer). A
single LC chip has 40 resonators providing a multiplexing factor of 40.

This system operates by generating a single current in the iceboard comprised of
different frequency tones and sending it to the LC chip. Each resonator selects out
a specific tone. The resonator is connected in series to the detector so the tone is
amplitude-modulated by the incoming signal from the detector. All the tones from a
single multiplexing unit are then summed and sent to the signal amplifier (SQUID)
before returning to the warm electronics.

The following two sections describe the cryogenic readout and detectors, and

Chapter 4 discusses their validation results during the final in-lab integrated run.

Cryogenic Readout

The first cryogenic readout component described here is the SQUID which re-
sides at the 4 K stage in the backend. We use arrays of DC SQUIDs as sensitive,
low impedance ammeters to amplify our detector signal. Functionally, SQUIDs are
magnetic flux to voltage transducers. A DC SQUID is a superconducting ring with

3

two parallel Josephson junctions® as shown in Figure 2.8. When superconducting,

3A Josephson junction is a weak insulator sandwiched between two superconducting materials
such that the phase of the current wavefunction on either side of the inductor are related.
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Stripline

LC board

Iceboard

SQUID controller board
SQUID card

.
Figure 2.7: A diagram of the DfMux scheme. The center drawing is a circuit
diagram of the system, and the photos surrounding it show what the physical com-
ponents look like. The iceboard and SQUID controller board are room temperature
electronics that control the cryogenic readout and detectors. The SQUID card is
a signal amplifier connected to the LC board (multiplexing unit) via the stripline
(waveguide). Each LC board has inductor-capacitor resonators where each resonator
is connected to a bolometer (detector).
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current flows freely through the ring with zero resistance unless the current exceeds
the critical current, and voltage begins to build within the ring. The critical cur-
rent of the Josephson junctions are lower than the critical current in the rest of the
ring. Also, any magnetic flux through the ring is quantized due to the nature of
the superconducting current. A single quantum of flux is ¢q = % where h is the
Planck constant, and e is the elementary charge. If there is a change in magnetic flux
through the SQUID, the current in the SQUID changes so that the total magnetic

flux through the SQUID is an integer multiple of the fundamental flux unit ®,.

Ibias

Figure 2.8: A circuit schematic of a DC SQUID. The SQUID itself is the loop with
two x’s which are the two Josephson junctions. There is a current bias with a high
output impedance that flows current through the loop, creating a voltage across the
loop. A change in current generated at the detector travels through to the input
coil of the SQUID (on the left) and creates a change of magnetic flux through the
SQUID which then changes the current out of the SQUID. This change of output
current is what we measure.

In order to operate SQUIDs as magnetometers, a current bias is applied to the
SQUID that is greater than the critical current of the Josephson junctions so that

there is a measureable voltage across the SQUID. If a magnetic flux is applied to the
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SQUID, a current is induced in the SQUID loop which produces a change in voltage.
The relationship between the applied magnetic flux and the change in voltage for
a given bias current is represented by a V-® curve as shown in Figure 2.9. In our
SQUID arrays, the applied magnetic flux comes from the input coil which is an
inductor that is coupled to the SQUID. We apply a current bias through the SQUID
as well as a current through the input coil which we call a flux bias current. When
there is no current coming from the detector, these biases keep the SQUID at a
constant voltage and magnetic flux relationship.

We utilize a negative feedback configuration called digital active nulling (DAN)
to null the current coming from the bolometer. If there is a difference between the
nulling signal and the signal from the bolometer, this is amplified by the SQUID and
DAN adjusts the nulling current so that it cancels out the signal from the bolometer.
We measure the nulling current to determine the magnitude of the signal coming

from the detectors.

0s 09 5
0 1 Flux Bias [Volts at DAC]

Figure 2.9: Left: An IV curve of a DC SQUID. The x-axis is the SQUID current
bias, and the y-axis is the voltage across the SQUID. Right: A V-Phi curve where the
x-axis is the flux bias, and the y-axis is the voltage across the SQUID. The blue line
indicates the selected bias (tuning point) for the SQUID. These plots were generated
by a software library called pydfmux [26] that is used to operate the SA readout
system.

The second component in the cryogenic readout is the niobium LC resonator

chips which physically are installed behind the detectors and are cooled to 250 mK.
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The multiplexing factor in the DfMux scheme is defined by the number of inductor-
capacitor resonators on the LC chip. In our design, there are forty resonators on each
LC chip. The frequency spread on these LC chips is based on the range of possible
output frequencies from the warm electronics and the amount of frequency spacing
required to limit resonator cross-talk. For PB-2, the resonators are equidistant in
frequency space on logarithmic scales from 1.6 Mhz to 4.6 Mhz. Figure 2.10 is an
example of a network analysis which shows what frequency channels are available on

a given LC chip.

DAN network analysis (carrier / nuller)

30 4

2549

20+

15 4

10 4

Network Analysis (Arbitrary Units)
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T T T T T T T
15 2.0 2.5 3.0 3.5 4.0 4.5
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Figure 2.10: An example result of what is called a network analysis of an LC chip.
Different frequencies are fed to the LC chip and each LC resonator picks out its
specific frequency resulting in the peaks shown here. This plot was also generated
by the pydfmux software [26] mentioned in Figure 2.9.

Detectors

The PB-2 focal planes each consist of seven detector modules installed into a
structure called the FPT (see Figure 2.11). Each module has a detector wafer of
7,588 detectors or equivalently 271 pixels. The detectors we use are transition-

edge sensor (TES) bolometers coupled to a sinuous antenna [39]. There are four
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or six bolometers connected to each antenna where four are optical and two are
dark for characterization. Frequency filters between the antenna and the optical
bolometers define the spectral band that each bolometer measures. For PB-2a and
PB-2b, the filters were designed to pass spectral bands centered at 90 GHz and
150 GHz as these are in two atmospheric transmission windows near the maximum
emission frequency of the CMB. The third receiver, PB-2c, was designed for detecting
higher frequencies in order to measure galactic foregrounds to subtract from our CMB

science measurements.

Figure 2.11: A photo of a fully populated FPT that was installed into PB-2b.

TES bolometers utilize the superconducting transition of its material so that it
operates as a temperature-sensitive variable resistor (Figure 2.12). Our bolometers
are made out of aluminum-manganese with a transition temperature of 450 mK.
Therefore, to take advantage of this transition temperature, the detectors arrays are
cooled to provide a thermal bath of 250 mK, and then the thermistors are self-heated
to their superconducting transition temperature.

The bolometers (Figure 2.12) are voltage-biased to take advantage of a negative
electrothermal feedback capability. As photons hit the bolometer and deposit power

onto it, the temperature of the TES increases which could quickly drive the bolometer
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Figure 2.12: A cartoon drawing of a TES bolometer. The red boxed area is the
detector itself symbolized as a temperature-variable resistor. It is weakly coupled
to a thermal bath and is voltage-biased for operation. A photon (Poptical) hits the
bolometer, increasing the temperature and thereby increasing its resistance which
results in a measurable change in current.

Thermal
bath

normal. As photons hit the bolometer and the temperature increases, this also causes
the resistance to increase (Figure 2.13). Since the TES is voltage biased, the voltage
across the TES is constant, so according to the electrical power equation P = V2/R,
the power decreases as resistance increases which lowers the temperature of the
bolometer. This negative feedback loop enables us to use these TES bolometers
without driving them out of their superconducting transition.

Figure 2.13 is an example of a detector’s resistance as a function of tempera-
ture. Starting from the right, at temperatures above the transition temperature of
the bolometer, the bolometer is in its normal state and the resistance is designed to
be 1.2 Q based on requirements from our readout electronics [8]. As the tempera-
ture decreases to the left, we reach the transition temperature where the resistance
dramatically drops. Once below the transition temperature, the bolometer is now

superconducting with zero resistance. However, there is stray impedance due to
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readout components that needs to be subtracted from the measured resistance. The

stray impedance is the remaining impedance in the circuit when the bolometer is

superconducting.

Resistance vs Temperature
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Figure 2.13: This figure shows the relationship between temperature and resis-
tance of a PB-2b bolometer. The x-axis is temperature in Kelvin, and the y-axis is
resistance in Ohms. The vertical line is the superconducting transition regime. The
regime to the right is the normal state of the bolometer. The flat line to the left
shows the bolometer in its superconducting stage. It is at a non-zero resistance due
to parasitic resistances in the detector readout chain.

Figure 2.14 shows the current measured through the bolometer as a function of
the voltage across the bolometer. Starting from the right, the bolometer is in its nor-
mal state, and as the voltage decreases to the left, the current also falls. The bottom
of the curve, or the turnaround point, indicates the beginning of the superconducting
transition. As the voltage continues to decrease, the current actually increases as
the bolometer’s resistance lowers. The jump indicates the bolometer fully transi-
tioning into its superconducting state. The straight line on the left shows the stray
impedance in the detector readout system. When corrected for stray impedances,

this line will be vertical at zero describing the superconducting state of the bolometer.
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Bolometer IV Curve
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Figure 2.14: This figure shows an example of an [V curve of a single bolometer from
PB-2b. The x-axis is voltage in microvolts and the y-axis is current in microcurrent.

Descriptions of how these measurements are performed is in Section 4.2.

2.4 Polarbear-2b Receiver-specific Elements

2.4.1 Cryogenic Half-wave Plate

In order to reduce low-frequency noise in the polarization measurement, a po-
larization modulator is used. In POLARBEAR-2a, a continuously rotating half-wave
plate polarization modulator was successfully implemented external to the receiver
at ambient temperature [35, 14]. However, in order to reduce thermal emission from
the HWP, a cryogenic HWP (CHWP) was designed and developed for PB-2b that
would sit inside the optics tube of the receiver in front of the three reimaging lenses
[13]. The CHWP assembly consists of two main sections, the rotor and the stator
where the rotor rotates during regular operations while the stator consists of elements

that remain stationary. The CHWP is a stack of three sapphire plates sandwiched
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between two alumina plates AR~coated with duroid-mullite [32]. This sapphire stack
is mounted to a magnetic ring on the rotor while a ring of yttrium-barium-copper-
oxide (YBCO) is part of the stator [13]. When temperatures drop below ~ 90 K,
the YBCO superconducts levitating the HWP. During operation, the wave plate is
able to continuously spin.

The CHWP was successfully integrated with the receiver and various tests were
performed during the final in-lab run. The wave plate was successfully gripped and
centered while warm and cryogenic. The CHWP was also spun and stopped safely.
Additionally, it was determined that spinning the CHWP did not cause magnetic
interference in the detectors. There also was no CHWP-induced heating on the focal

plane [13].

2.4.2 Receiver Strut Redesign

The backend and optics tube sections of the receiver both utilize hollow G10
struts to create a support structure between aluminum shells of different thermal
stages. The original design for both the backend and optics tube struts consist of
a hollow G10 rod with end tabs that are inserted into the rod. The struts used in
the backend aperture truss structure have G10 end tabs while the other struts have
aluminum end tabs. A hole is drilled in either the rod or the end tab to allow the
gas that would otherwise be conductive to escape from the strut.

In the backend, longer struts are used to support the backend shells within each
other, while shorter struts are arranged into a truss-like structure at the aperture
of the backend to support the interface between the backend and optics tube (see
Figure 2.15). In the optics tube, these G10 struts are placed in an orientation to
keep the nested cylindrical shells concentric (see Figure 2.16). A set of G10 struts
exist at the aperture lens and at the field lens between the 4 K and 50 K shells and
the 50 K and 300 K shells resulting in 4 sets of 8 struts.
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(b) Photo of the backend
(a) SolidWorks drawing aperture

Figure 2.15: Left: This shows a drawing of the truss structure at the backend
aperture. The lower, smaller diameter ring is the 4 Kelvin stage and is the interface
between the 4 Kelvin taper shell and the FPT. The middle ring is the 50 Kelvin stage,
and the outermost ring is the 300 Kelvin and vacuum shell. Right: This photo shows
the backend aperture truss structure integrated into the front of the backend. The
FPT mounts beneath it, and the optics tube sections stack on top. Photo courtesy
of Lindsay Ng Lowry.
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(a) SolidWorks drawing - top view (b) Photo - side view

Figure 2.16: Left: The left drawing is a top view of the optics tube, looking down
the boresight towards the detectors. This shows the G10 support struts that are
between the 50 Kelvin and 300 Kelvin shells. The eight G10 struts are arranged in
pairs equidistant around the shells. There are identical support structures between
the 4 Kelvin and 50 Kelvin shells. Right: The right photo shows a side view of the
4 K to 50 K G10 strut structure at the aperture lens during an in-lab run. The G10
struts shown here are the original G10 struts.
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Modifications were pursued for struts in backend and optics tube sections of the
receiver, but only the optics tube G10 struts were deployed. The following sections
describe the motivation for redesigning the struts, the actual modification, and the
stress testing and results of the modified struts. The last section describes slight
modifications that were made to the carbon fiber struts used in supporting different

thermal stages in the FPT.

Redesign Motivation

In the backend aperture, it was discovered that 2 out of 24 struts had small cracks
in their G10 tabs although the tabs were determined to be still structurally sound.
In the optics tube, over time with multiple disassembly and reassembly of receiver,
the epoxy holding the aluminum end tabs in the G10 rod would fail allowing the
end tab to be easily pulled out of the G10 rod. A tension test (Section 2.4.2) was
performed to check the strength the of solid but used optics tube G10 strut. The

test setup and results are shown in Figure 2.20a and Figure 2.21a respectively.

Strut Redesigns and Assembly

For the backend aperture struts, it was decided to remake these with the same
original G10 rod design but with aluminum end tabs to mitigate the cracking found in
the G10 end tabs. For the remaining struts, the G10 rod design remained the same,
but the end tabs were modified following the concept from Crowley et al.[6]. The tab
for the backend (optics tube) is designed with one end that inserts into (covers over)
the G10 rod and has a ribbed pattern (Figure 2.17). This ribbed pattern creates
flow channels for the adhesive. Due to space constraints, we could not redesign the
aluminum tab to fit over the G10 rod for the backend struts.

In assembling these rods, much care was taken in cleaning each component, and
procedures were adapted from those described in Crowley et al.[6]. After being

machined, the aluminum tabs were cleaned in an ultrasonic bath for minimally 30
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(a) Redesigned backend end tab

(b) Redesigned optics tube end tab

Figure 2.17: Top: A drawing of the redesigned aluminum end tab for the backend
G10 support strut. The ribbed pattern inserts into the G10 rod. Bottom: These
drawings show the redesigned aluminum end tab for the optics tube support struts.
The left image highlights the epoxy injection hole, and the right image is a cross-
sectional drawing to show the epoxy flow channels. The socket end fits over the G10
rod. Both of these designs are following the concept from Crowley et al.[6].
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minutes with a mild detergent. The tabs were then rinsed in water and dried with
air. Next, the end of each tab that inserts into (covers over) the G10 rod was
abraded with a steel brush with isopropyl alcohol. This was intended to roughen the
aluminum surface so that the epoxy would adhere to it better. Afterwards, the tab
was rinsed thoroughly with isopropyl alcohol and dried with air. Finally, it was set
to air dry for at least 10 minutes.

To prepare the G10 rods for assembly, the inner (outer) surface of the ends of
each G10 rod was abraded with wet-dry sandpaper. This served a dual-purpose
of abrading and cleaning the ends, removing any hydrophobic surface. A standard
water-break test was performed to make sure that the ends were abraded properly.
After that, the ends were rinsed with isopropyl alcohol and dried with air. The rod
would then air dry for minimally 30 minutes.

Once both components were dry, they were assembled using 3M’s grey 2216 epoxy
to glue the aluminum end tabs to the G10 rod. The epoxy cartridge is mounted in
an applicator with a mixing nozzle attached to it so that the epoxy parts are mixed
appropriately as it is applied. The epoxy was applied in a way to prevent air gaps in
the epoxy joint. For the backend struts, the epoxy was applied to the flow channels
carefully ensuring that the whole channel was filled. Additional epoxy was applied
to the bottom edge of the tab so that when it was inserted in the G10 rod, it would
seal the interface. However, one also had to be careful to not inject too much epoxy
such that it filled the whole G10 rod. The shorter G10 struts were short enough that
it was very easy to insert too much epoxy. For the optics tube struts, there was an
epoxy injection hole that was used for filling the cap with epoxy once it was on the
end of the G10 rod. The cap was considered filled adequately when epoxy would
overflow from the bottom of the end cap around the circumference of the rod.

After the epoxy was applied, the rods were minimally baked in an oven at 80 °C
for 120 minutes. They cured on a specially machined frame so that the tabs would

set planar (Figure 2.18). The tabs were not secured down in any way, and it was
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Figure 2.18: Left: This photo shows newly-made, longer backend aperture struts
curing in their frame. Right: This photo shows newly-made OT struts curing in their
frame. All struts shown here as examples were made from Type 1 G10 (Table 2.1)

found that it was not necessary as the rods maintained their shape before and after

baking.

G10 Strut Strength Criteria

In order to estimate how much force these optics tube G10 struts needed to
withstand, a simplified model was analyzed. The backend aperture was set as the
pivot point for the optics tube which is assumed to be rigid. From the SolidWorks
model, the mass was calculated for everything at the 4 Kelvin stage and separately
for everything at the 50 Kelvin and 4 Kelvin stages. The mass of the 4 Kelvin
stages would be used to calculate the strength required for the struts that support
the 4 Kelvin shells against the 50 Kelvin shells, and the mass of the 4 Kelvin and
50 Kelvin stages combined would be used to calculate the strength required for the
struts that support the 50 Kelvin shells against the 300 Kelvin shells. The center of
mass locations for each was also calculated using the SolidWorks model.

Assuming the G10 struts act as a single force at each lens location counteracting

the gravitation force on the optics tube (Figure 2.19), the summation of torques on

40



Figure 2.19: This diagram illustrates the three different forces that were considered
to be relevant in calculating the torque on the backend aperture. The backend
aperture is set as the pivot point, and the optics tube is considered rigid. The solid,
red line is the torque from the gravitational force (Foopr) on the optics tube center
of mass. The dashed, pink line is the consolidated force from the G10 struts at the
aperture lens (F}), and the dotted, purple line is the consolidated force from the G10
struts at the field lens (Fy).
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the optics tube structure is set to equal zero. Equation 2.1 is the summation of

torques.

ZTP:_RCOmXFcom+R1XF1+R2><F2:O <21)

In this equation, the subscript p refers to the pivot point. The first torque term
is the rotation of the center of mass due to the gravitational force. The second and
third terms are the opposing torques provided by the G10 struts. The two unknowns
are I} and F, and are the forces at the two different locations R; and R,. All the
distance terms are found from the SolidWorks model.

In order to find a second independent equation, the relationship between Fj and
F, was defined. The upper bound for each G10 strut force was calculated by assuming
that only one force (F; or F3) supported the optics tube against the gravitational
force (Equation 2.2). Next, the ratio of the results gave a relationship between F}
and F5.

Finally, Equation 2.1 was used to calculate the total force required at each location
by the eight G10 struts. Since there were four distinct locations (two from each
scenario), the result was a set of four forces. The largest of the four forces was
divided by four to get the force required of each G10 strut. Since each G10 strut
around the optics tube does not support the weight all in the same way, the force
was not divided by eight. The result, with a safety factor of 1, is 388 N. The criteria
for new suitable struts was to sustain a force 5 times greater than this, meaning a
mechanical safety factor of 5.. This criteria is most likely a very conservative value
given the support for the inner shells comes from being secured to the previous shell.

These struts are intended to mitigate against any sagging of the sky-side flange of
the shell.
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ZTp - _Rcom X Fcom + R1,2 X F1,2 =0
. Rcom X Fcom <22)

Strut Testing and Results

In order to validate the strength of this new strut design, tension and shear
tests were performed on new backend and optics tube struts. These tests were
performed on an Instron 3367 machine that can sustain up to 30 kN of force. The
bottom mounting plate was stationary while the top mounting plate moves only in
the vertical direction.

For the tension tests, a pair of braces were designed that would hold the strut on
each end with a stainless steel dowel pin (Figure 2.20a). The top jig moved upward
and applied a force parallel with the strut. The vertical force applied was recorded
by the computer software.

For the shear tests, a pair of jigs were made that would secure the strut on one
end and press down on the end other (Figure 2.20b). There were two types of shear
tests that were executed and designed to determine the flexibility and perpendicular
force that these struts could endure. The first type (type 1) secured one end of the
strut and pressed down on the free end. The secured end could rotate slightly before
being constrained by the jig, so as the free end continued to be pressed down, the
rod would flex. The value of the downward force was recorded.

A secondary shear test (type 2) was also designed using the same jigs from shear
test type 1 (Figure 2.20c) and is considered an improved version of the first shear
test since it more accurately represents how an optics tube strut might experience
a shear force in the receiver. The strut was initially positioned horizontally and
secured at both ends with screws. Both ends of the strut can rotate about the screw

given enough force. The upper mounting plate moved upward, pulling the strut such
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that it was being extended diagonally in parallel and perpendicular directions with
respect to its axis. Since the force that was measured on the Instron is only the
vertical component of the force, the force along the axis of the rod is larger than the
force reported by the Instron software.

Three types of G10 rods were tested with various tension and shear tests. Table
2.1 summarizes the differences and overall decision for using each rod type. Type 1
material was from the same vendor as the original G10 struts, but during testing, this
was found to be too weak for our application. Type 2 G10 rods were stronger since the
rods had thicker walls, but since the walls were thicker, the concern was adding too
much thermal loading to the optics tube. The final type?, type 3, was determined to
be appropriate for deployment from their tension and shear test results. The average
test results are reported in Table 2.2. These average results are from the optics tube
G10 struts since those were made in all three types of G10 material.

Table 2.1: This table summarizes the types of G10 rod material that were tested
to find suitable material for deployment. The original vendor supplied type 1 G10
rods but these were discovered to be inadequate for deployment. A couple other G10

types were assembled and tested with various dimensions. The third type of G10
was determined to be deployable based on the tension test results (see Table 2.2).

G10 Rod | Outer Diameter | Inner Diameter Deployed?

Type [mm] [mm]

Type 1 8.00 7.00 No, material too weak
Type 2 7.94 4.76 No, rod wall too thick
Type 3 7.92 6.35 Yes!

Table 2.2 shows that the safety factor criteria of 5 was exceeded with G10 type
2 and type 3 struts for tension tests. Under tension, the failure mode for G10 struts
made out of type 1 material was the G10 rod itself failing. The failure mode for type

2 and type 3 G10 struts was the aluminum end tab failing which occurred around

4This material was purchased through PlastiFab San Diego. They generally source material from
two different vendors Accurate Plastics and Norplex. The material we received was from Accurate
Plastics.
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(c) Shear test type 2 setup

Figure 2.20: These photos show examples of the different testing setups. Top left:
This is an example of the tension test setup. A steel dowel secures the rod in the
top and bottom jigs. The top jig moves upward, applying tension along the strut
which is recorded. Top right: This setup shows shear test type 1 where the right
end of the strut is secured by a dowel pin through the end tab and a set screw on
top. The strut can rotate downwards until jig tower blocks any further rotation.
The top jig presses down on the free end of the strut, and the vertical component
of the sustained force is recorded. Bottom: This photo shows the setup for shear
test type 2. The same shear test jigs are used here as in shear test type 1, except
the strut is now secured by screws on both ends. The screws are tightened as much
as possible with an L-key, but the strut ends can still rotate about the screw given
enough force. The vertical jig moves upwards creating a tension force along the rod,
and the vertical force component is recorded.
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the expected value of 3000 N [6]. With types 2 and 3, we improved upon the original

struts.

Table 2.2: This table presents the average maximum vertical force recorded in
both tension and shear tests from all OT G10 struts. The values are presented in
Newtons, and the tension test includes the safety factor in brackets. The criteria is
to sustain a tension force above a safety factor of 5, and this is the only requirement
on the struts. The shear test results are informational only. The values are lower
for the shear tests because only the vertical component of the force was recorded.
Values with an asterisk indicate that only one strut was tested with this G10 type
and configuration. The data from individual struts can be found in Appendix A

G10 Strut Average Maximum Vertical Force [N]
Tension [SF]  Shear Type 1 Shear Type 2
Typel |9.8x102[2.5] 3.3 x 10 *3.2 x 10

Type 2 | 2.9 x 10° [7.6] 1.7 x 10? -
Type 3 | 2.8 x 10° [7.2] *1.2 x 102 *1.0 x 103

One reason for lower force values is due to a limitation in the test setup. The
tests were stopped because either the top and bottom jigs would collide or the strut
was bent so far down, it would collide with the bottom jig. The other factor for the
lower values this is that the Instron machine only measures the vertical component
of force so the recorded value is only the amount of force use for pushing down on
the strut end. None of the struts failed during these tests and survived such that
tension tests could be performed on them afterwards.

Shear test type 2 provides the more interesting result. Shear test type 2 was
performed only with G10 types 1 and 3 due to limitations of time and strut resources;
however, we were able to compare the weakest G10 type with the one being considered
for deployment in this configuration. The strut made of type 1 G10 ripped when
the Instron measured a vertical force of 321 N. Based on the length of the rod and
the vertical displacement when this failure happened, the force along the strut is

calculated to be 990 N which gives a safety factor of approximately 2.5. The strut
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made of G10 type 3 did not fail during the test. The test stopped due to the user-
programmed extension stop limit. This stop limit was based on the failure point
from testing the type 1 G10 strut. The recorded vertical force was 1038 N. The
calculated force along the strut was 2249 N which gives a safety factor over 5. While
the strut did not break, the force it sustained was enough to bend one of the screws
holding it in place. Also, the aluminum tabs were beginning to deform. Taking into
account all the results of the test, we were confident that the type 3 G10 struts were
adequately strong for our purposes.

The fasteners which held the backend aperture struts in place were not accessible
without extensive disassembly of the backend; therefore, the two backend aperture
struts that were compromised were not replaced. It was determined that leaving
those two struts did not compromise the structural stability of the backend aperture.
The optics tube G10 struts were replaced during the 2022 assembly and successfully
installed (Figure 2.22).

Carbon Fiber Strut Testing

Additionally, tension tests were performed on redesigned carbon fiber struts which
support different thermal stages in the FPT. Those aluminum end tabs were also
redesigned following the design in Crowley et al. [6]. The purpose of the redesign
was also to increase the strength of the adhesion between the carbon fiber rod and
the aluminum end tab.

The epoxy strength between the carbon fiber rod and aluminum end tab in the
original strut was compared to the epoxy joint strength in a new strut. Two of each
rod were tested under tension. The original carbon fiber strut failed at an average
of 300 Newtons with the carbon fiber rod pulling out of the aluminum end tab. The
newly modified strut failed at an average of 600 Newtons in the same way. Since the
amount of force required to break the new rods was two times that of the original

strut (which had already successfully been used in the PB2a experiment), it was
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Tension Test Summary
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Figure 2.21: Left: This plot shows the force vs extension on four different rods.
The black curve shows the result of a tension test on an original G10 rod. There are
two small dips towards the peak which corresponds to the epoxy audibly cracking
before the end tab pulled out completely. The red curve shows the results on a
deployed (type 3) G10 strut. The little dip around 2.5 m is when the rod began
pulling out of the end cap. The gentle decline after the maximum force is due to the
aluminum tab stretching before the aluminum tab finally breaks around 5.5 mm of
extension (see Figure 2.21b). This length is more than 3.5 times that of the original
G10 rod. The blue curve is the result of type 1 G10 which clearly withstood less
force before failure of the G10 material. The green curve shows the result from a
type 2 G10 strut which possibly could have worked for deployment as well, but there
was concern about the thickness of the rod wall adding extra thermal loading. The
failure mode for this strut is also that the aluminum end tab broke as shown in
Figure 2.21b. Right: Photo of a broken aluminum tab which was the common failure
mode for G10 struts made with type 2 and 3 G10 rods. The tab deformed, stretching
under tension, until it reached its breaking point.
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Figure 2.22: This photo shows the new OT struts installed between the 4 K and
50 K shells at the aperture lens.

determined that these modified carbon fiber struts were appropriate for use in the
field since it was clear that this modified design and epoxy method enhanced the

strength of the epoxy joint.
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Chapter 3
Polarbear-2b Receiver Assembly

Each receiver described in Chapter 2 required assembly for each in-lab test and
for deployment at the site. This chapter will describe the work required for assem-
bling the POLARBEAR-2b receiver for in-lab testing and deployment. Careful doc-
umentation of receiver assembly was developed and necessary for a successful field
deployment. Since the receiver requires disassembly for safe transport to the site,
detailed instructions were necessary for reassembling the receiver at the site. This
was made even more critical as individuals with past assembly experience graduated
and moved on from the project.

As the receiver can be separate into two main parts (see Figure 2.3), the assembly
work can be divided into two components, the backend assembly and optics tube
assembly. Section 3.1 describes the backend assembly which includes building the
cryogenic readout and detector modules as well as populating and installing the focal
plane tower (FPT). The optics tube assembly involves building up the optical chain
and is outlined in Section 3.2. The third section, Section 3.3, describes the method
for aligning the optical elements in the receiver which is necessary to achieve the
designed optical performance. Proper lens alignment is vital for successful use of the

instrument. Finally, the last section (Section 3.4) describes a receiver modification
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that were performed in the time frame that the receiver was being deployed to the

site.

3.1 Backend Assembly

Assembling the backend involves multiple components that build, assemble, or
install the detectors and cryogenic readout and prepare the backend to be put un-
der vacuum and cooled. The following subsections describe the cryogenic readout
assembly and installation, the FPT assembly and installation, and the final steps to

close the backend.

3.1.1 Cryogenic Readout Assembly
SQUID Card Assembly and Installation

One of the initial tasks in assembling the backend is installing populated SQUID
cards. Their purpose and functionality are described in Section 2.3.3. The SQUID
cards are printed circuit boards (PCBs) with eight locations to mount SQUIDs. Each
SQUID card must have SQUIDs mounted onto them and connected electrically with
aluminum wirebonds.

One of the challenges in working with SQUIDs is eliminating magnetic flux from
being trapped in a SQUID loop [33]. Potential sources of external magnetic flux
include the Earth’s magnetic field and the magnetic fields generated from currents in
the rest of the instrument [38]. Each SQUID is mounted on top of a small niobium
foil which traps flux when superconducting. Additionally, the SQUIDs mounted on
their PCB are covered with a cryoperm shield which is shown in the bottom half of
Figure 3.1a [31].

Once the SQUID cards are assembled, they are inserted into a wiring harness in

the top of the backend. There is a gold-plated copper braid that attaches to the
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Figure 3.1: Left: A photo of a fully populated SQUID card with its cryoperm sleeve
for magnetic shielding beneath it. The cryoperm sleeve slips over the SQUID card.
Right: This photo is of the SQUID card installed in the backend with its heatstrap
attached.
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SQUID card on one end and the 4 K shell on the other end. It acts as an electrical
grounding strap and a thermal conduit for cooling the SQUID card (Figure 3.1b).

Readout Quanta Assembly and Installation

At the sub-millikelvin stage sit the LC multiplexing readout. A single PCB called
an adapter board has a micro D-Sub connector which plugs into the SQUID card
on one side, and on the other side is connected to a group of LC chips through
striplines. This unit consisting of the adapter board, striplines, and LC boards are
called readout ‘quanta’ There are both ‘large’ and ‘small’ quanta. If there are
eight LC resonators chips, the quanta is designated as ‘large’, and if there are six
resonator chips, the quanta is designated as ‘small’. Functionally, for a large (small)
quanta, one adapter board PCB and four (three) pairs of striplines connect eight
(six) LC resonator chips to a single SQUID card with eight (six) SQUIDs. The
assembly method of these readout quanta and how these quanta are installed onto

the detector wafer are described in [10].

Figure 3.2: A photo of one of the LC boards as part of a large quanta. The adapter
board (on the right) is connected to a total of 4 LC boards where each board houses
2 LC chips. A small quanta, in contrast, is an adapter board connected to 3 LC
boards.
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3.1.2 Focal Plane Tower Assembly

The focal plane consists of seven detector modules. Each detector module re-
quires assembly (Figure 3.3) before it can be installed into the FPT. The following

subsections describe the FPT assembly process once the detector modules are built.

Figure 3.3: Photo of a detector module assembled with its cover removed. The
detectors are face-down on the table. The LC readout quanta are mounted to a plate
that covers the backside of the detectors. When completely assembled, the golden
can fits around the standing LC boards.

Detector Module Installation

After the detector modules are assembled, they are installed into the FPT. This
is done in a specific order for the sake of ease and so that flex cables on the edges of
the detector wafer do not have to be excessively manipulated. During the process of
installation, it is best to have only at most two wafers on either side of the module
that is currently being installed. This way, when installing the detector module, it
can be inserted at an angle such that the tabs on the wafer’s mechanical mount can
interlock easily without having to excessively press on the flex cables. Kapton tape

was also used to press the flex cables close to the detector module which aided in
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protecting the flex cables and provided more space around the edge of the module
during installation.

When installing a detector module, it is important to adjust the position! of the
module so that the screws that secure the module can be inserted smoothly. This
ensures that the detector module is properly positioned on the focal plane and that all
the modules can easily fit. There are also interlocking tabs on the wafer’s mechanical
holder that must be carefully interlocked together with the other detector modules
as each detector module is installed (Figure 3.4b).

(a) * )

Figure 3.4: Left: A close-up view of the interlocking tabs between the detector
modules. This does not show the RF shield that is eventually placed between the
detector modules. Right: This drawing illustrates the order of installation for each
detector module. This is the FPT as viewed from the front. The intent is that
each detector module being installed only has at most two detector modules already
installed next to it. The final detector module necessarily has three neighboring
modules. However, if the other modules have been properly positioned, installing
the last module is not particularly harder.

IThe detector module can be shifted around slightly due to the space in the screw clearance
holes.
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Figure 3.4a illustrates the order of installation. If the receiver is pointed at
horizon, the FPT can be split into three vertical columns where two detector modules
are in the left and right columns and three detector modules are in the middle column.
The bottom detector module in the middle column is installed first and then the one
above it which is the center detector module. Next, the remaining detector modules
are installed in a clockwise pattern starting with the module in the bottom of the left
column. For the first six detector modules, there are at most two adjacent detector
modules. The final detector module has three adjacent modules which makes it the
most difficult module to install. However, with the taped flex cables and being careful
about properly installing the adjacent modules, this final module is easily installed

without any extra manipulation.

Stripline Heatsinking

Every single stripline is secured to two heatsinks on the back of the FPT. Each
heatsink is a grill-like rack with flat bars. One heatsink thermalizes the striplines to
350 mK, and the second heatsink thermalizes the striplines to 1 K. This allows heat
to be removed at each temperature stage.

A single clamp secures three or four striplines to the heatsink rack. To ensure
efficient cooling, the striplines must be well-attached to the heatsink. As the clamp
is tightened on both ends, the center of the clamp might pucker just enough such
that the striplines at the center are no longer clamped well. To prevent this, layers
of kapton tape were placed on the clamp in a stepped function with more layers of
tape at the center and less layers at the edges. To check that they were clamped
down hard enough, we attempted to shift each stripline after clamping. If they did
not move, they were secured adequately. If they did move, extra kapton tape was
added. Clamping the striplines to these heatsinks is delicate work as the striplines

are fragile and must be maneuvered in awkward positions.
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Figure 3.5: This is a series of photos that show the gradual population of the FPT.
It begins at the top left and ends at the bottom right and progress from left to right,
top to bottom. Each new wafer is installed with a cover to protect the lenslets. The
cover is seen in these photos with very reflective tape on it.
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Figure 3.6: Top left: This photo shows the FPT facing down onto the table with all
the striplines before they are heatsunk. Top right: This photo shows the striplines
after being heatsunk to both the 1 K and the 350 mK heatsinks. Bottom: This photo
is a close-up that shows how the striplines are clamped to the heatsink rack.
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3.1.3 Focal Plane Tower Installation

Once the FPT is ready to be installed into the receiver, the FPT is mounted onto
a hand-crank lifting apparatus. Using this, the FPT is carefully inserted into the 4
K cavity and mounted to the backend aperture (the interface between the backend
and optics tube). Shoulder screws are used for stability and strength. The shoulder
on the screw requires the screw to be inserted parallel to the clearance hole as the
shoulder removes any space allowing the screw to be inserted at an angle. Therefore,
the process of mounting the FPT can be arduous. Since the lifting apparatus sags
under the weight of the FPT, rotating the receiver so that the backend aperture
plane is parallel with the FPT face is difficult especially since the backend cannot be
rotated in small enough amounts at times.

After the FPT has been successfully mounted inside the backend, the adapter
boards are plugged into the SQUID cards that are already installed in the back-
end. A gold-plated copper piece is attached to the adapter board. This serves as a
heatsink and a grounding conduit. After the heatsink is attached, the adapter board
is connected to the SQUID card by a micro D-Sub connector. As the boards are
plugged in, the connections are carefully documented? for future reference of what
detectors are connected to what SQUIDs. Once all the adapter boards are connected,
the striplines are tied and taped down so that they do not thermally short to the 4
K backend shell and cause excess loading on the millikelvin stages.

Finally, heatstraps are attached to the FPT at three locations, each at a different
temperature stage. These heatstraps are gold-plated copper foils that cool the FPT
to 1 K, 350 mK, or 250 mK based on the fridge to which they are attached. Nitric
acid is used to clean the copper oxide from the fridge coldhead to maximize thermal
conductivity of the interface, and the heatstrap attachment is cleaned with isopropyl

alcohol. On the FPT side, the rings to which the heatstraps attach are gold-plated to

2This is necessary in making a hardware map that allows communication to the detectors through
its specific readout chain.
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Figure 3.7: Left: This photo shows the back of the FPT just after mounting it into
the backend. Right: This photo shows the finished state of the back of the FPT after
connecting the adapter boards to their respective SQUID cards and tying down the
striplines so that they do not excessively thermally short to the 4 K backend shell.

prevent oxidation of the structure, and the surfaces are also cleaned with isoporpyl
alcohol before the heatstrap is attached. Once the heatstraps are connected on both
sides, the foils are tied in place so that they do not thermally short to each other or
the 4 K backend shell and cause excess loading. Finally, a D-Sub cable is connected

to the FPT to read out the thermometers on critical stages of the tower.

3.1.4 Close-up

Before closing the backend, a final check of thermometry is performed, and char-
coal getters are also installed to aid in the cooling process.

The last task involves installing aluminum panels on three of the four sides of
the backend. Each side requires alternating layers of an aluminum panel and an
MLI blanket. These blankets patch the gap in the existing MLI that separates each
successive thermal shell. After the 4 K and 50 K panels and MLI blankets are in
place, the final panels are vacuum panels that seal the backend. Once these are

installed, the backend assembly is considered complete.
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3.2 Optics Tube Assembly

The optics tube is assembled by stacking concentric aluminum cylindrical shells.
There are three sets of shells that are nested within each other where each set is at a
different temperature stage. The innermost shells are cooled to 4 K, the middle shells
to 50 K, and the outermost shells are at room temperature (300 K) and provide the
vacuum chamber structure. The 4 K shells are lined on the inside with an absorptive
foam to reduce reflections. The 4 K and 50 K shells are each wrapped on the outside
with MLI to insulate them and reduce thermal loading on successively cooler stages.
As each shell is installed, N-grease is applied to facilitate thermal conduction between
the shell being currently installed and the previous shell. This is only relevant for 4
K and 50 K interfaces.

The first optics tube shells to be installed are diameter-increasing shells called
taper shells. This adapts the smaller diameter of the FPT to the larger diameter
that accommodates the diameter of the lenses. The taper shells are the only set
of shells where the order of shells installed goes from warmest to coldest. This is
required due to the tapered shape of the shells. Once the 4 Kelvin shell is installed,
the collimator lens is mounted in it. The lens is attached by four mounting blocks
spaced equidistant around the lens. There are 12 6N aluminum heatstraps that are
the thermal conduit for cooling the lens. These are placed in groups of three in
between each mounting block.

After the collimator lens is in place, a sheet of aluminized mylar is stretched
across the aperture. It is a single piece that is secured to the 4 K, 50 K, and vacuum
shell flanges. This seals the backend and protects the SQUIDs from radio frequency
interference. A narrow ring at 300 K secures the RF shield in place so that the
next set of shells can be installed. This next set, labeled as the lyot shells, must be
mounted with extreme care as the detector-side flange clamps the RF shield to the

previous shell section. Shifting the shells after setting them down on the receiver
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Figure 3.8: This shows the stacking of the taper shells onto the optics tube. The
left most photo shows the 300 K or vacuum shell. The 50 K shell is added in the
middle photo, and the 4 K shell is installed in the right photo. The collimator lens
(not shown) would be installed into the 4 K shell next.

could rip the RF shield such that it no longer seals off the backend, rendering it
useless.

Next, the aperture lens with the lyot tower are assembled as a unit on the ground
and then installed into the receiver. The aperture lens is secured by four equidistant
mounting blocks to an aluminum ring that is then mounted into a 4 K shell. There
are 12 6N heatstraps attached between the lens and its mounting ring to conduct
heat away from the lens. The lyot tower consists of a stepped structure with the
lyot stop at the top and two metal mesh filters. One filter is teflon coated while the
other one is not. When assembling the unit and installing it into the receiver, the
orientation is important as the lyot aperture must be titled in the proper direction
to create a circular image on the primary mirror. Once the lens and lyot tower are
attached to the same 4 K shell and installed onto the receiver, the remaining 50 K
and 300 K shells are mounted.

The field lens is the final 4 K lens. Like the aperture lens, the field lens is secured
to an aluminum ring by four equidistant mounting blocks with heatstraps. However,
this lens is attached at an angle with respect to its ring at a similar angle and for
the same reason as the lyot stop.

Since the second PTC’s heatstraps attach to the 4 K and 50 K field lens shell
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sections, those connection surfaces are cleaned and polished if necessary to facilitate
thermal conduction. This is done while the shells are not installed on the receiver
for convenience. Finally, the field lens is installed into the 4 K shell, and the 4 K, 50
K, and 300 K shells are mounted onto the receiver.

At this point, the second PTC is mounted onto the optics tube. It is mounted
so that it will always be orientated at the same angle as the backend PTC. There
are two heatstraps attached, one at the 50 K stage and one at the 4 K stage. These
heatstraps are a combination of copper and 6N aluminum and wrapped in MLI after
installation to prevent excess thermal loading and thermal shorts between stages.

The next major component is the polarization modulator assembly is mounted
on the receiver. Bench-top tests are performed first to ensure that all the electronics
associated with the assembly are in working order. Once these tests are successful,
the assembly which includes the wave plate mounted to the rotor is secured onto the
50 K field lens shell.

An alumina filter is subsequently installed at the 50 Kelvin stage to block infrared
radiation entering the receiver. Layers of radio transmissive multi-layer insulation
(RT-MLI) is secured in front of it [5]. Finally, the window is installed. The window
is made from ultra-high molecular weight polyethelyne and mounted in an aluminum
fixture that caps the optics tube and seals it so that it can be put under vacuum.

Throughout this assembly process, thermometers were placed to monitor the
temperature of critical elements in the cryogenic and optical design. The final step
in completing optics tube assembly is to check that the thermometers can be readout
by the warm electronics. Once this check is successful, the optics tube assembly is

complete.
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3.3 Receiver Optical Alignment

In order to achieve the designed optical performance, the lenses must be properly
aligned so that the incoming beam is focused onto the focal plane. This is accom-
plished by iteratively measuring and adjusting the lens positions with respect to the
detector plane during assembly. This alignment procedure was refined in the field
and is described in this section. Additionally, measurements were taken so that the
lens positions can be referenced to the outside of the receiver. This will be used for
aligning the receiver with the telescope, which has not yet been completed at the
time of this writing.

A model was constructed to produce the necessary lateral position and lens tilt
tolerances when looking at photons at 280 GHz (see Table 3.1 for values). Since PB-
2b measures signals in the spectral bands centered at 90 and 150 GHz, the tolerances
were doubled as a conservative estimate for tolerances at these lower frequencies.

These conservative tolerances were achieved with an acceptable margin of error.

Figure 3.9: Left: This photo shows Microscribe instrument with key structures
highlighted. Right: This photo shows two Microscribe probe tips. The tips are 3
mm diameter spheres.

The instrument we use to take measurements is the Microscribe MLX (see Figure

3.9). It is a portable instrument that consists of a swivel base and a double jointed
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arm. The probe tip can rotate a full 360 degrees and is a 3 mm diameter sphere. The
software used with this instrument is the MScribeUtility software. This is a small
graphic user interface that can show the current coordinate position of the probe
tip. This software also interfaces with other applications such as Microsoft Excel
and Notepad for conveniently recording data.

The optical assembly of the three cryogenic re-imaging lenses is aligned as a
unit. That unit’s placement with respect to the focal plane is set by machining
and assembly tolerances, which are precise enough to be within the tolerance of the
optical design. As we build up the optics tube, we install each subsequent 300 K
vacuum shell to be aligned with the previous 300 K vacuum shell. These 300 K shells
are aligned to acceptable precision based on external inspections of the shells. Then,
we reference the 300 K vacuum shell to the lens that resides within it. Using the
relative position of the lens to its 300 K vacuum shell and our receiver model, we
can determine the optical path alignment.

While each lens is measured in a similar manner, there are a few different things
that are focused on depending on the lens. For the collimator lens, it is important to
verify the distance between the lens and the focal plane and check that it is centered
properly. For the aperture lens, it is important to check only the lateral position of
the lens. If any adjustments are necessary to the lateral position, the most efficient
method is to shift the 4 Kelvin shell that the lens resides in with respect to its 50
Kelvin shell. There is enough space in the clearance holes that mount the 4 K shell
to move the lens on tens of a millimeter length scales. For the field lens, the lateral
position of the lens and the degree of tilt must be measured.

To check the tilt of the field lens, we measure it first on the bench-top. The lens
is mounted at an angle to an aluminum ring which allows us to measure the lens
tilt before installing it into the receiver. Once the angle is correct, the field lens
installation can continue.

We take measurement sets where each set consists of at least three data points
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(a) Microscribe mounted on a table (b) Example measurement locations

Figure 3.10: Left: This is an example of how the Microscribe was mounted to a
table in front of the optics tube for taking measurements. The Microscribe base is
attached to the table from underneath with a single screw which was enough to keep
the Microscribe stable. Right: This photo is an example of measuring locations on
the lens and 300 K shell. The green dots are for the lens flange, and the red dots are
on the 300 K vacuum shell flange.
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equidistant around the lens and at least six data points that span at least halfway
around the sky-most vacuum shell flange as shown in Figure 3.10b. The analysis
code generates a circle from each data set in three-dimensional space, determines the
center of each circle, and takes the difference of their centers. This difference is what

we compare with our required tolerances.

Table 3.1: This table outlines the design tolerances in the horizontal and vertical
position of lens as well as its tilt. These quoted targets were developed from an
optical model considering 280 GHz signals. For our purposes, we doubled these
tolerances as the signals for PB-2b are 90/150 GHz.

Lens Lateral Tolerance [mm] | Angular Tolerance [deg]
Collimator +5 +0.25
Aperture +1 +0.2

Field +1 +0.5

A minimum of three sets are recorded for each lens. The difference between the
lens center and the shell center is calculated for each set. The final result is recorded
as the average and standard deviation of the differences from each set. An average
of multiple measurements was determined to be a more robust determination of lens

offsets than the original procedure of measuring positions just once.

Table 3.2: This table shows the actual alignment results that we achieved in the
2022 deployment. The lateral measurements are all from measuring the lens with
respect to its 300 K shell. The results for the field lens angle is from measuring the
lens installed on the receiver and not the bench-top measurements. The designed
angle is 7°.

Lens # of Sets Taken | Difference in X | Difference in Y Lens Tilt
[mm] [mm] [deg]
Collimator 3 0.96 + 0.70 0.05 4+ 0.94 0.13+£0.04
Aperture 5) 0.78 +£0.27 0.10 £0.20 0.19 £0.20
Field 4 0.96 £0.18 1.41+ 0.05 6.902 + 0.003

There are a few different factors that contribute to measurement error; however,

Table 3.2 shows that we still achieved adequate lateral differences and angles. The
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first factor is that while the individual taking the measurement strives to take each
data point consistently, it is not possible to take each data point perfectly consis-
tently. For example, the probe may be at a tiny different angle that is not noticeable
to the naked eye especially since tenths of millimeters of precision is being measured.
In order to quantify this error, multiple measurements were taken of the probe at
different angles in the lens flange divot while making sure that the probe was fully
in the divot. The standard deviation of the 13 data points was on average 0.1 mm in
each dimension. Multiple data points were also taken in an effort to capture possi-
ble inconsistencies in measuring the shell flange. The standard deviation of 22 data
points was at most 1.1 mm in the z-direction. However, it was 0.04 mm in the other
two dimensions.

The second factor is the error in the Microscribe itself. The Microscribe MLX
is designed to have an accuracy of less than 0.08 mm. To experimentally determine
the tolerance of the probe itself, multiple measurements were taken while spinning
a brand new probe in its home position. The standard deviation of 18 data points
was on average 0.01 mm in each dimension.

The final source of error regards the stability of the instrument itself. The Mi-
croscribe needs to be setup on a stable surface for consistent measurements. This
is usually achieved by screwing or taping the base of the Microscribe down to the
surface. One must also be careful to not bump the structure supporting the Micro-

scribe.

3.4 Collimator Lens Mounting Scheme

The original assembly design required that the collimator lens be installed into
its 4 K taper shell before the shell was installed onto the receiver since access to the
outside of the shell was necessary to install the collimator lens. The outside of the

shell is only accessible when the shell is not installed in the receiver. Additionally,
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4 K Aperture SS Flange and Ap. Lens Measurements
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Figure 3.11: This plot shows the positions of the aperture lens (blue points) with
respect to the sky-side (SS) flange of its 300 K shell (red points). This can aid in visu-
alizing which direction the lens needs to be adjusted. The z-value decreases towards
the focal plane. The x-y-z coordinate system origin is the base of the Microscribe.
Thanks to Calvin Tsai for the plotting code.

it was required that this 4 K taper shell including the collimator lens be installed
before the FPT. Because the 4 K taper shell is attached to the backend aperture at
an interface between the collimator lens and the FPT, only one or the other can be
present during installation. Therefore, with the colllimator lens installed, the only
way to access that interface is by crawling into the backend space where the FPT
mounts and attaching the 4 Kelvin taper shell from underneath the collimator lens.
With the FPT is installed, this is not possible.

During the 2021 deployment, manufacturing delays prevented us from having
the anti-reflection coated collimator lens ready to be installed before the FPT could
be installed. Therefore, we decided to make modifications to the collimator lens
mounting procedure. These modifications would allow the 4 K taper shell to be

installed without the collimator lens, granting access to the mounting flange on the
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shell even after the FPT is installed. Once the 4 K taper shell was installed on
the backend, the collimator lens could then be lowered into it and secured. The
collimator lens is attached to its shell by four mounting blocks spaced equidistant
around the shell.

The first modification involved redesigning the lens mounting blocks (see Figure
3.12). These lens mounting blocks attach to the lens flange on one side and to the
shell on the other side. Originally, one had to insert the screws from the outside of the
shell through a washer plate into tapped holes in the mounting blocks. The washer
plates were changed into nut plates, and the tapped holes in the mounting blocks
were turned into clearance holes. This reversed the direction for inserting the screws
which meant that we no longer had to insert screws from the outside of the shell.
Additionally, since the new nut plates were bolted to the shell, they were stationary
and did not require us to access the outside of the shell to hold them in place. The
lens mounting blocks and nut plates were newly machined for deployment.

In order to address the second reason that required access to the outside of the
shell, it was necessary to devise a method for attaching the heatstrap nut plates
to the outside of the shell so that they would stay in place while we inserted the
screws. The goal was to use existing nut plates without modification and simply
develop a way to adhere them to the outside of the 4 K taper shell. The nut plates
were secured using aluminum tape which held the nut plates well. Since these nut
plates are not weight-bearing, they needed to remain in place, but did not need to

be robustly attached to the shell.
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Figure 3.12: Left: This drawing highlights in blue the mounting blocks that are
used to mount the lens in its 4 Kelvin taper shell. The lens is colored in an earthen
tone for contrast. The upper half of the mounting blocks that has four screw holes is
what was modified. Originally, the screws were inserted from the outside-in radially.
The blocks were modified so that the screws could be inserted from the inside-out.
The 50 Kelvin and 300 Kelvin stage shells are transparent to emphasize the 4 Kelvin
stage. The FPT (not shown) sits at the aperture at the bottom of this drawing.
Right: This is cross-section view of the upper half (blue block) of the collimator lens
mounting block. The four holes in this block are the holes that were changed from
tapped holes into clearance holes. There are four corresponding holes on the red
piece that were changed from clearance holes to tapped holes. Hence, the red piece
is the new nut plate. The two holes on the outer edge of the plate are used to secure
it to the 4 Kelvin taper shell. The other holes in the shell seen in these drawings are
for the heatstraps.
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Figure 3.13: This photo shows the nut plates for the heatstraps taped with alu-
minum tape to the outside of the 4 K taper shell. This was strong enough to solidly
hold the nut plates in place. Photo courtesy of Lindsay Ng Lowry.

The dissertation author would like to acknowledge and thank Tucker Elleflot,
Logan Howe, Lindsay Ng Lowry, Praween Siritinasak, and Calvin Tsai for their
contributions to the receiver assembly method and documentation.

Additional thanks to Lindsay Ng Lowry for her help in the collimator lens mount-

ing block redesign work.
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Chapter 4

Detector and Readout

Characterization of Polarbear-2b

In 2019, Polarbear-2b was assembled for the first time in the lab, fully integrated
with a full focal plane tower (FPT) and all non-science-grade optics. There were
various tests performed to characterize the detectors and verify that these detectors
were suitable for science-grade operations. For this test run, the focal plane was
comprised of five deployable detector modules and two modules that were eventually
deemed insufficient for deployment. These two were replaced by modules that were
verified at collaborating institutions.

Three of the deployable detector modules were tested optically. This meant they
did not have a wafer cover, and optical signals transmitted from outside of the
receiver could be sensed by the detectors. Cryogenic attenuating filters of various
thicknesses were mounted in front of them to reduce the amount of optical power
on the bolometers. The other four modules were tested dark since this was the first
time testing these modules installed in the focal plane (see Figure 4.1).

The results presented here are a combination of the five deployed detector mod-

ules plus one additional module from one of the collaborating institutions. The
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seventh module was validated for deployment but is not presented in the histograms
in the following sections as the readout scheme was slightly different. Based on the
measured critical temperature (0.4440.006 K) and normal resistance (0.98+0.22 Q)*
of a characteristic set of detectors, this seventh module was approved for deployment.

The design values for the bolometer characteristics were chosen to optimally
function with the DfMux readout, estimated optical power, and estimated noise
[39]. The total noise can be expressed as noise-equivalent-power (NEP) which is
the signal power required to give a signal-to-noise (SNR) ratio of 1 over a 1 Hz
bandwidth usually in units W/v/Hz. There are four noise sources considered which
are photon noise, readout noise, Johnson noise and thermal noise. The latter two
are inherent to the detector. The total noise is the sum in quadrature of these four

sources (Equation 4.1).

+ NEP?

thermal

NEPoa = \/NEP72+NEP2adout+NEP2

re Johnson

(4.1)

The photon noise arises from quantum mechanics with the random rate of arrival
of photons and includes shot noise and photon bunching. Since the photon noise
is fundamental to the measurement and unavoidable, the best case is to be photon
noise dominated. The readout noise comes from the readout circuit and is inversely
proportional to TES responsivity, so with sufficiently high responsivity, the readout
noise can be negligible. Johnson noise arises from thermal fluctuations of charge
carriers and is also minimized by operating the TES with high loop gain. Thermal
fluctuation noise (TFN) is noise from thermal fluctuations in the link between the
TES and the bath (see Figure 2.12). TEN is minimized by tuning the bath temper-
ature with the transition temperature of the bolometer so it is not a dominant noise

source.

!These values can be compared to the target values mentioned in Section 4.4 and 4.1 respectively.
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(a) Populated FPT

L

(b) FPT with MMF and NDFs

Figure 4.1: Left: This photo shows the FPT configuration for the final in-lab
integrated run before the RF shield, MMF and NDFs were installed. Since the three
center wafers were previously installed in the FPT and tested dark, optical tests were
performed on them. The other four wafers were being tested for the first time as
part of a full focal plane, so they were tested dark necessitating a cover over each
one. Right: The same FPT now with the RF shield, MMF, and NDFs installed. The
NDFs shown here are of varying thickness to determine which would be adequate for
properly attenuating room temperature signals so that the optical bolometers would
not be saturated.
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The following parameters of the detectors are important to analyze in order to
ensure that they are adequate for deployment given the design constraints. Fach
parameter section below has results from the final in-lab integration run as well as
the design targets to satisfy the noise requirements in an effort to be photon noise

limited.

4.1 Normal Resistance

The normal resistance (R,,) of the bolometer is the resistance of the bolometer
when it is above its superconducting transition state and in its normal conducting
state. It is measured by heating the bolometer to approximately 600 mK, which
is above the designed upper limit of its superconducting transition temperature.
Figure 4.2 shows the normal resistance of detectors on six of PB-2b’s deployment
modules. These values were corrected for parasitic resistance in the bias circuit by
subtracting the measured resistance in series with the TES while the TES was in its
superconducting state. Additionally, they were corrected for stray series inductance
as described in Elleflot et al., 2020 [9], resulting in negligible dependence on channel

resonator frequency.
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Figure 4.2: A histogram of the normal resistance of 2,583 detectors from six of
PB-2b’s deployment modules. These values were corrected for parasitic impedances
in the bias circuit following the procedure outlined in Elleflot et al., 2020 [9] and
resulted in R, = 0.99 £ 0.09 . The small variance of the distribution results
in acceptability for these six wafers. Less than 2% of the R,, values measured fell
outside of 0—2 €2 and were considered outliers or non-real values. These bolometers
were designed to have a normal resistance of 1.2 + 0.3 Q (gray area) due to the
requirements from the DfMux readout system [39]. The measured mean shows a
slight deviation from the designed mean, but the overall distribution falls within the
design range. The detector yield was diminished in part due to readout hardware
failures investigated after the run that are not expected to affect operation in the field.
Difficulties with warm readout networking also affected our measurement yield, but
these issues were fixed later in the run. We believed this data to be a representative
sample of our detectors so no further tests were performed after the networking
issues were resolved. Additionally, data on a subset of detectors were excluded from
this plot because measurements of stray impedances were insufficient for accurately
performing the necessary corrections.
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4.2 Turnaround Power

A key criterion in using a TES bolometer is the ability to maintain its operating
point within the superconducting transition, and thus it is necessary that the optical
and bias power do not drive the bolometer normal. Therefore, an optimal operation
power is designed uniquely for each detector frequency band since the amount of
optical loading from the atmosphere depends on the antenna frequency. However,
measuring this operation power is difficult to do with an automated algorithm for
thousands of detectors. Instead, we measure another parameter called turnaround
power which is defined as the power when dI/dV = 0. This is ~10% higher than
the operation power.

Turnaround power is measured while there is negligible optical power deposited
on the detectors. Thus, the total thermal power on the bolometer island is purely
electrical and measurable. The method for performing this test begins with heating
the bolometers so that they are in their normal metal state. Next, the bolometers
are biased with a high voltage bias. This is called overbiasing the bolometer. Once
the bolometers are overbiased, the bath temperatures are lowered to approximately
250 mK. Joule heating maintains the bolometers in their normal state even though
their bath temperatures have been lowered. The voltage bias is then incrementally
stepped down, lowering the bolometers into their superconducting transition.

With detector sensitivity setting an upper constraint and optical loading setting a
lower constraint, the target turnaround power range for the 90 GHz band is 7.8—10.0
pW, and the target range for the 150 GHz band is 18.9—26.7 pW [39]. Figure 4.3
shows a histogram of the results fitted to two Gaussian distributions. The resulting
means and standard deviations of the fit for 90 GHz and 150 GHz detectors are 9.5 +
1.3 pW and 21.7 &+ 2.2 pW respectively, sufficiently aligning with our target ranges.
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Figure 4.3: A histogram of the bimodal distribution of turnaround power for 2,605
detectors on six PB-2b detector modules. The same parasitic impedance measure-
ments explained in Section 4.1 were used in correcting the turnaround power mea-
surements. Detector yield was affected by the same issues mentioned in Figure 4.2.
The lower power distribution is from the 90 GHz band, and the higher power dis-
tribution is from the 150 GHz band. The shaded regions indicate the turnaround
power target ranges of 7.8—10.0 pW for the 90 GHz band and 18.9—26.7 pW for
the 150 GHz band [39]. The data were fit to a sum of two Gaussian distributions
as shown by the dashed line, and the resulting means and standard deviations for
the 90 GHz and 150 GHz bands are 9.5 + 1.3 pW and 21.7 + 2.2 pW respectively.
These means fall within our design ranges such that we are confident these detectors
will be operable in the field.

4.3 Lowest Achieved Operating Resistance

In order to operate our detectors, we must be able to tune them deep enough

in their superconducting transition so that we have adequate detector time con-

g}gg? increases as the bolometer moves

stants and responsivity. The parameter a =
deeper into its transition which increases loop gain and responsivity and decreases
the detector time constant [16]. As discussed later in Section 4.5, a representative

sample of detectors have demonstrated suitable time constants when tuned between

80



a fractional resistance (Rrgps/R,) of 0.4 and 0.7.

In PB-2b’s in-lab integration run, we measured the lowest achieved operating re-
sistance for detectors in laboratory conditions for the five deployment wafers which
gives information about the range of possible operating resistances. As the volt-
age bias is lowered and the TES moves deeper into its superconducting transition,
there is a point when Joule heating is insufficient to keep the TES from completely
transitioning, and the TES abruptly jumps to its superconducting state. This is
referred to as latching, at which point the bolometer is no longer operational until it
is overbiased again. It can be caused by an imperfect TES bias voltage due to series
parasitic resistances or the detector speed exceeding the stability criterion as derived
by K. Irwin and G. Hilton, 2006 [16]. The latching resistance (Rjun) is the resis-
tance measured just before the TES fully transitions into its superconducting state.
The fractional latching resistance is determined by measuring the latching resistance
and dividing it by the normal resistance (Rjuen/Ry), and thereby can indicate the
lowest fractional operating resistances for these detectors. Results from these in-lab
measurements shown in Figure 4.4 indicate a range of fractional resistances that are
satisfactory given our desired time constants as outlined in Section 4.5 with 96%

having a fractional latching resistance below 0.7.
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Figure 4.4: A histogram of the lowest achieved fractional operating resistance
of 2,725 detectors from five PB-2b deployment detector modules. This shows the
distribution of detectors’ fractional resistance just before they fully transition to
their superconducting state. These values were corrected for parasitic resistances in
the same manner as Section 4.1. Less than 0.5% of the data were outside of the
fractional resistance range of 0—1 and are not included in this plot. The yield stated
here was affected by the same difficulties as mentioned in Figure 4.2. However, the
measurements taken are considered representative of all detectors on these wafers.
The tail on the right of the distribution can be explained by premature latching
of detectors on a single LC multiplexing chip because of a single detector latching
as all channels on a single multiplexing chip were lowered into their transitions in
parallel. Regardless, 96% of the detectors shown achieved a fractional resistance
below 0.7 which indicates they are capable of operating with suitable time constants
as shown in Figure 4.6. Note that this fractional latching resistance measurement
is not equivalent to the parasitic resistance in the bias circuit, but it is affected by
imperfect voltage bias due to parasitic resistance.

4.4 Critical Temperature

The transition temperature or critical temperature (7,) is the temperature at

which the TES transitions from its normal state to its superconducting state. We
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define T, to be the temperature at which the TES resistance is equal to 80% of its
resistance at 500 mK (=~ 0.8 x R,). Characterizing the transition temperature is
critical because the results could determine if the detector is usable. If the transition
temperature is too low, we would be unable to use the detector since we might
not have the capabilities to cool the detector below its transition. If the transition
temperature is too high, the detector will not be sensitive enough to CMB photons
because the noise level would be too high.

The method for measuring the transition temperature begins with heating the
TESs above the expected critical temperature and biasing them with a minimal
voltage bias so as not to cause excess Joule heating. Next, the TES temperature is
lowered slowly (~ 5 mK per minute) so that the focal plane thermometer adequately
thermalizes with the bolometer temperature. Like the measurements described in
Sections 4.1—4.3, this data is taken with negligible optical power incident on the de-
tectors. Figure 4.5 shows results from six deployment PB-2b modules. A different,
though we believe equivalent, technique was used in measuring the sixth deployment
wafer. The target design range is 0.42 K to 0.47 K [39] which considers the opti-
mal range of critical temperatures given our TES bath temperature capabilities and
thermal carrier noise constraints. Approximately 96% of our data falls within this

target range.
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Figure 4.5: A histogram of critical temperature of 2,573 detectors from six of
PB-2b’s deployment detector modules. Less than 4% of the total measurements lie
outside of 0.4—0.5 K and were considered as outliers or non-real values. Therefore,
these are not included in this distribution. The detector yield was also diminished in
part due to the complications mentioned in Figure 4.2 The gray area represents the
design target range of 0.42—0.47 K[39], within which ~ 96% of the measurements
fall.

4.5 Time Constant

Detector time constants, 7, represents the detectors’ response time. The lower
bound is 0.9 ms set by the readout circuit, and the upper bound is ~ 29 ms. This
upper bound is calculated using our scan frequency and instrument beam size. The
instrument beam size is 3.5, and the designed scan speed is ~ 2° per second. The
scanning movement of the telescope will create a blurring of the sky map in the scan
direction unless the detector time constant is at most a factor of a few smaller than
the beam crossing time. To ensure that the detectors are fast enough, the designed
time constant range is 1-5 ms. A description of the test procedure performed to
measure the detector time constants and details about the results can be found in

Ito and Lowry, et al. 2020 [17]. Figure 4.6 below are duplicated summaries from this
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Figure 4.6: Left: This plot shows the time constant of a detector as a function of
fractional resistance. Each line is a single detector, and lines of the same color are
from the same detector module. There are three detector modules represented here.
The shaded region is the desired range of time constant (1-5 ms). A high majority
of the detectors are within the desired range at 0.7 fractional resistance and below.
Analysis and plotting code thanks to Tucker Elleflot. Right: This histogram shows
the spread of time constants for 88 detectors at 0.7 fractional resistance which is a
reasonable operating resistance in the field. Of these, 89% have time constants that
fall within the desired range. Plot thanks to Lindsay Ng Lowry.

4.6 SQUIDs

During PB-2b’s final integration run, it was found that the SQUIDs originally
intended for deployment produced excess noise that varied with current bias ampli-
tude. Since there was insufficient time to properly explore this phenomenon before
the scheduled deployment, the decision was made to switch to SA-13 SQUIDs pro-
duced by the National Institute of Standards and Technology (NIST). This type
of SQUID has been successfully used with PB-2a and does not produce the same
amplitude-dependent noise. The deployment set of SQUIDs for PB-2b was tested
with open input coils in the PB-2¢c backend which is identical to PB-2b’s backend
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down to 4 Kelvin. The results are discussed in length in Ito and Lowry, et al. 2020
[17]. The primary parameters that are characterized are the SQUID transimpedance
and the dynamic impedance. Transimpedance (Z;) is a conversion factor between
the change of current (61;,) in the input coil of the SQUID and the change of voltage
output (6Vo,:) across the SQUID (Z; = 0V,ut/d1;,). The dynamic impedance (Zgy,,)
is defined as §V,,:/01, where 0V, is the change of voltage output, and 61, is the
change in bias current in the SQUID. The SQUIDs passed the criteria for deployment
as illustrated by Table 4.1. The integrated testing will happen in the field.

Table 4.1: This table summarizes the results from the deployment set of SQUIDs
and compares them to the criteria required for deployment [17].

Average Measured Value | Deployment Criteria
Zy 627 Q > 350 Q
Zdyn 698 €2 < 900 Q2
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Chapter 5
Conclusion

First light for POLARBEAR-2b has been long awaited and, at the time of this writ-
ing, on the brink of commencing. However, getting to this point was not without
its struggles as we strove to deploy an instrument during the COVID-19 pandemic.
Personnel deployment to the site was particularly limited due to Chile’s entry re-
quirements and due to collaborators’ home institution’s permissions for travel. Yet
through some setbacks and obstacles, we succeeded in mounting the PB-2b receiver
onto its telescope. Next, commissioning tasks will be performed and reviewed be-
fore regular calibration and science observations begin. We look forward to utilizing
this instrument, analyzing our science observations, and presenting exciting scientific

results in the coming years.

5.1 Polarbear-2b Receiver Deployment

The following entries outline the progress that was accomplished from the initial
shipment from UCSD to hoisting the receiver onto the telescope.
November 2019 — the POLARBEAR-2b receiver was disassembled and packed into

crates for shipping to Chile to protect the receiver. The focal plane tower was
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removed from the receiver and the detector modules were uninstalled. Each detector
module was shipped in a plastic case which was well packed in a pelican case. The
focal plan tower itself was packaged in its own pelican case. The backend of the
receiver was shipped in a dampening crate that was custom made for it. The optics
tube shell sections were wrapped in plastic wrap and then bubble wrap and carefully
packed in wooden crates. The lenses were shipped in their padded boxes in wooden
crate. All the crates were professional packed into a container and shipped overseas
down to the site in January 2020.

March 2020 — a team from UCSD deployed to meet the container when it arrived
to the site. The container arrived just in time for the assembly team to unload the
main crate before having to return to the USA due to the onset of the COVID-
19 pandemic. During this time of quarantine, the team refined receiver assembly
procedures and began developing calibration methods which is discussed in Section
5.2

February 2021 — a team from UCSD deployed to build the PB-2b receiver. During
this time, the team focused on building the backend of the receiver. It was decided
that only the backend would be assembled since a couple optical elements with
AR coatings would be delayed! This change of schedule also impacted the order of
operations of receiver assembly. In order to accommodate this, some modifications
to receiver assembly instructions were devised such as that which is described in
Section 3.4.

May 2021 — another team from UCSD returned to the site to finish the receiver
assembly. The optical elements were completed and had arrived at the site. Unfor-
tunately, the day the teams was allowed to go up after mandatory quarantine had
the largest snow storm of the past four years. The snow was around 2 meters deep,

and it was impossible to clear the road in a timely manner. The team waited for 5

'New AR methods were developed for PB-2b that differ from PB-2a as concerns about AR-
coating delamination on lenses in PB-2a arose.
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weeks with the hopes that the roads would be cleared, but it was not possible. The
team left in July without being able to continue receiver assembly.

August 2021 — teams from UCSD and UC Berkeley were able to return and finish
receiver assembly. Entry restrictions into Chile had relaxed significantly allowing for
a larger group of individuals to enter.

November 2021 — the deployed team attempted to hoist the receiver into the
telescope; however, one of the hoisting plates that connects the receiver to a lifting
strap was installed with inadequate length screws and just as the receiver was in
position to be bolted into the telescope boom, the screws pulled out and the receiver
shifted its weight such that it was now hanging at an angle under the telescope. One
of the vacuum ports was sheared off in the process which dramatically vented the
receiver. Thankfully, no one was injured.

After safely lowering the receiver back to the ground, the team began disassem-
bling the receiver, taking detailed notes of any observed damage. There were a couple
items that were severely damaged and required replacing besides the vacuum shell
with the sheared-off port. A linear actuator motor that is used to grip and hold the
wave-plate in place was bent. The IR filter that lives just behind the window had
spectacularly shattered. Additionally, some of the G10 struts were obviously dam-
aged from this incident which prompted us to redesign these struts as is described
in Section 2.4.2.

The Simons Array collaboration promptly addressed and discussed this incident
with an external review board that gave design and procedural recommendations
which were implemented in the next hoisting attempt.

April 2022 — teams from UCSD and UC Berkeley again deployed to the site to
reassemble PB-2b. The receiver was successfully reassembled including the new parts
that were made after the hoisting incident.

July 20, 2022 — the site team successfully hoisted and secured the receiver in the

Paul Simons telescope.

90



At the time of this writing, PB-2b has commenced its initial cooldown for its
commissioning run. Once cold, the detector noise will be characterized and reviewed
in a commissioning review session to determine the effectiveness of PB-2b for sci-
ence operations. After a successful commissioning review, PB-2b will continue its
commissioning run by taking initial calibration data. After that, regular science ob-
servations, which include regular calibration activities, will begin. Some issues were
discovered that have limited the sensitivity in PB-2a which are believed to have been
fixed in PB-2b. With this increased sensitivity, the signal-to-noise ratio will increase

allowing better study of CMB polarization.

5.2 Calibrating Polarbear-2b

There are four main calibration tasks that must be completed. Only the first one
discusses what will be required for the commissioning review as this information can
be used, along with the measured number of functioning detectors in the focal plane,
to characterize instrument sensitivity.

The first calibration task requires understanding the conversion factor between
the current measured in the bolometer and the on-sky temperature, otherwise known
as detector gain. There is an absolute and relative gain calibration that is necessary.
The absolute calibration requires a planet observation in order to have a known
temperature source illuminate a single detector. The relative calibration utilizes
a thermal source to measure detector gain variation as a function of time. The
planet and thermal source measurements will also be used to calculate detector time
constants which will be included in the commissioning review as well.

Another calibration is the pointing calibration. Since the telescope encoders are
not completely accurate in giving the azimuth and elevation position on the sky,
there is a calibration required. This calibration involves a pointing model that was

implemented for POLARBEAR [4, 3]. There there are five, eight, and ten parameter
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models. Multiple radio sources and planet observations are required to model the
telescope pointing. Targets must be observed at locations across the sky to pro-
vide adequate coverage in the azimuth and elevation of the telescope (Figure 5.1).
Pointing observations are taken on a weekly basis.

The third important calibration is polarization angle. This identifies the polar-
ization orientation of each detector. There are three different methods available.
The first is to shine a calibrated polarization source at our detectors. The second
uses a wire grid which rotates at a known frequency. The third method requires
the cross-spectrum of E-modes and B-modes to be null which is appropriate in the
standard cosmology. Once this calibration task is complete, it does not need to be
repeated throughout science observations.

The fourth calibration task is understanding the angular response of the detector
by taking detector beam maps. This is done by scanning across a planet that is a
point source as seen by the detector. Jupiter is usually scanned for this measurement.
Since features on small angular scales are averaged out and not seen in the final CMB
maps, beam maps are used to understand the averaging process that occurs in order
to determine these features.

Using these calibration measurements, we can then construct a full hardware
map. This hardware map outlines the detector position, frequency, and polarization
and details the readout chain of this detector. Understanding these properties of each
detector is important so that all detectors can be combined and analyzed to make
well-understood maps of the sky. From these maps, power spectra are made from
which science results can be taken. The results can be compared with theoretical
predictions regarding the standard cosmological model and inflation. By constraining
inflation, there is an opportunity to open a window into physics at energy scales
current unimaginable and further explore the cosmology and perhaps cosmogony of

our Universe.
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Figure 5.1: This figure shows the possible observable pointing sources that could be
used for PB-2b. The map is a circular plot with zenith (right above the telescope) at
the center of the plot and the outer circle representing the horizon. Each concentric
circle is a 15° step in elevation. The compass directions are listed on the vertical
and horizontal axes with north as 0° in azimuth. The flat dashed lines represent the
elevation edges of the southern CMB patch. The star markers represent sources that
have been observed and analyzed for PB-2a’s pointing calibration. The plus signs
are other possible sources that could be used to expand the azimuth and elevation
coverage. Circular markers represent planets that can be used as pointing calibration
sources. Source positions are shown at one hour increments over the time period that
the CMB patch is below elevation of 30°.

93



5.3 Future Outlook

Beyond Simons Array, there are other new and exciting CMB projects that are
up and coming. The Simons Observatory is currently under construction with its
first three small aperture telescope platforms having arrived to the site in May of
2022 [21]. Additionally, many of the technologies used in Simons Observatory will
be used in a larger project known as CMB-S4 which is a conglomerate of ground-
based CMB experiments which will expand the limits of what we can observe from
the ground [1]. CMB-S4 in Chile will be a neighbor to Simons Observatory. Other
than ground-based experiments, there is a space-based project LiteBird which is a
JAXA-led project [11]. These are just a couple other CMB projects currently being
built and developed. As more detectors are on-sky, more will be revealed about the
CMB and other aspects of our Universe.

CMB experimentation continues to be a fascinating field of exploration for two
reasons. The first is an amazing symbiotic relationship between scientific demands
and technological advancements. In developing CMB instrumentation, much research
is required in order to build systems that are capable of obtaining the necessary
sensitivity for studying the CMB. There is a natural feedback loop where results from
a current instrument inform the design of the next, and the old adage “Necessity is
the mother of invention” still rings true.

Secondly, CMB experimentation is a necessary piece in broadening cosmological
understandings. It assists in validating or revising theoretical cosmological models.
Results are used not only in understanding more about the very early Universe, but
also in unveiling more about the evolution of the Universe we have now. It can
provide insight into areas of study such as neutrinos, large scale structure of the
Universe, dark matter, dark energy, and baryonic matter. Because of this broad
utility, it will continue to be an area of expanding research and exploration for years

to come.
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Appendix A

Strut Testing Detalils

Here are further details about the strut testing described in Section 2.4.2.

Table A.1 shows results regarding backend aperture strut testing. The first few
struts assembled were using G10 material type 1. Struts were made of both the
longer and shorter lengths and were tested under tension and shear type 1 tests.

Table A.1: This table presents the maximum force achieved in tension and shear
of the backend aperture struts.

G10 Strut Max Force [N]
Tension Shear Type 1
1 1293.65 -
2 1878.30 -
3 536.29 -
4 1005.47 -
5 - 89.38

Tables A.2, A.3, and A.4 show the results of type 1, type 2, and type 3 G10 mate-
rial respectively, from tension and type 1 shear tests. For the struts that underwent
both types of testing, the shear test was performed first, and no damage was seen

after test completion so a tension test was performed afterwards.
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Table A.2: This table presents the results from OT G10 struts made with type 1

G10 material.

G10 Strut Max Force [N]
Tension Shear Type 1
1 1004.53 32.21
2 1067.31 33.72
3 1365.83 -
4 755.35 -
5 705.27 -

Table A.3: This table presents the results from OT G10 struts made with type 2

(G10 material.

G10 Strut Max Force [N]
Tension Shear Type 1
1 2972.51 163.22
2 2976.54 181.10
3 2840.71 -

Table A.4: This table presents the results from OT G10 struts made with type 3

G 10 material.

G10 Strut

Max Force [N]

Tension Shear Type 1

1
2

2721.45 115.63
2864.08 -
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