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Throughout history, human beings have always sought to answer the question

“what was the origin of the universe?” The Cosmic Microwave Background (CMB)

is one of the most essential scientific tools that will help us better understand the

universe. The temperature maps of the CMB have allowed us to study the nature

of the early universe through the standard ΛCDM model as well as to describe

xxiv



its evolution. Nevertheless, many questions remain. The next step in finding the

answer lies in the measurement of the B-mode polarization of the CMB. These faint

signals from the primordial universe are expected to be key pieces of evidence of the

inflationary gravitational wave. Successful detection of this B-mode polarization

would not only serve as direct evidence of the inflation theory but also lead to

constraining of inflationary model and the energy scale of inflation. Moreover, the

gravitational lensing of CMB E-mode polarization to B-mode polarization signal at

small angular scales will allow us to trace back to the distribution of matter in our

universe.

This dissertation describes the details of the Polarbear instrument which is

designed to detect CMB B-mode polarization. The results from the first and second

observational season are also described. Furthermore, this dissertation discusses the

development of the Simons Array instrument, which is the expansion of Polarbear

with expanded capabilities and increased sensitivity. The Simons Array is scheduled

to deploy in 2018.
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Chapter 1

Introduction

One of the philosophical questions that humanity always seeks an answer to is

“What caused the origin of the universe?” Around 12th century BC, the ancient In-

dian Rigveda said that the universe originated from the monistic Hiranyagarbha (the

‘golden womb’ or ‘golden egg’) [1]. In the 5th century BC, the ancient Greek philoso-

pher named Anaxagoras of Clazomenae propounded an idea that nous (intellect or

mind) was the motive cause of the cosmos and the original state of the universe was

a mixture of all its ingredients, but the mixture is not entirely uniform [2]. Humanity

never have a chance to prove any hypotheses until 1964, when the cosmic microwave

background (CMB) radiation was accidentally discovered by two scientists at the Bell

Telephone Laboratories in New Jersey, Penzias and Wilson. Their discovery led to a

new era of modern cosmology [3]. Another milestone in the field of CMB observation

happened in 1990 when the Cosmic Background Explorer (COBE) satellite showed

that the CMB exhibits a nearly perfect black body spectrum, a major supporting
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pieces of evidence of the Big Bang theory. In this chapter, I will walk you through

what is the CMB. More specifically what is the CMB polarization, the current status

of its measurement, and its role in modern cosmology.

1.1 Modern Cosmology

In November 1915, Albert Einstein presented what is now known as the the-

ory of general relativity (GR) which became the fundamental groundwork for all

subsequence development of modern cosmology. This theory enables us to ask ques-

tions with testable answers about the universe such as “How the universe began”,

and “Why are we here?”. One of the widely accepted answers is that our universe

started from a high temperature, high-density state then expanded and gradually

cooled down to the state as we see today. This model of the origin of the universe is

known as the “Big Bang theory”.

1.1.1 The Expanding Universe

Before we discuss the expanding universe, I will first introduce the funda-

mental assumption of modern cosmology which states that the distribution of mass

and energy of universe will be the same everywhere (homogeneous), and any point

in space is the same (isotropy). In another words, “There is nothing special about

our location in the universe” [4]. This assumption is known as the Cosmological

principle. While this principle holds on a scale larger than 100 Mpc, it is invalid on

small scales. For example, consider multiple spheres in the universe with a radius of
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less than 3 AU. There is a high probability that some of these spheres will contain

stars while some will not thus making these spheres very different from one another.

The key evidence that proved the universe is expanding is Hubble’s law.

The basis of this law was first derived from General Relativity in 1927 by Georges

Lemaître [5]. It was popularized after Edwin Hubble showed the velocity of distant

galaxies is proportional to their distance from the Earth.

v = H0r (1.1)

where H0 is the Hubble constant. Hubble’s law serves as a cornerstone of the ex-

panding universe theory. One of the conceptual models that helps illustrate this idea

is the balloon model showed in Figure 1.1. Consider two dots on the balloon’s surface

seperate from each other by the distance χ. Once the balloon is inflated, two dots

move futher away from each other, and the distance between these dots increases by

the scale factor, a.

1.1.2 The General Relativity

In General Relativity, we can use 4x4 metric tensor to describe the four-

dimensional space-time coordinate. The curvature of the universe can be expressed

in metric gµν . We can write down the distance between events in four-dimensional

space-time coordinate as,

ds2 = gµνdx
µdxν (1.2)
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r = χ r = a(t)χ

Figure 1.1: This diagram illustrates the expanding universe. On the left, two
red dots on the surface of the balloon are separated by a comoving distance χ.
As time passes, the balloon is expanding, the dot see each other moving futher
away, and the distance between the two red dots becomes r = a(t)χ where r is
a physical distance between two dots and a(t) is a scale factor.

where ds is related to the proper time by ds2 = −dτ 2. The relationship between

space-time curvature and the distribution of mass and energy due to the interaction

of the gravitation can be described with a set of ten coupled nonlinear differential

equation known as Einstein Field Equations (EFE). The EFE can be written down

in the tensor equation as,

Rµν −
1

2
Rgµν + Λgµν = 8πGTµν

1 (1.3)

where Rµν is the Ricci curvature tensor, R is the scalar curvature, Λ is the cosmolog-

ical constant, G is the gravitational constant, c is the speed of light in vacuum and

Tµν is the stress-energy tensor. Since the field equations are non-linear, it is hard to
1We choose to use in natural units where c = } = kB = 1 and thus c is omitted here.
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find an exact solution without any assumption to break the symmetries to simplify

the equations.

The simplest assumption that can we make is that the distribution of mass and

energy of the universe will be the same everywhere (homogeneous) and that all points

in space are the same (isotropy). This assumption is known as the Cosmological

principle. The metric which follows the cosmological principle is the Friedman-

Robertson-Walker (FRW) metric.

ds2 = −dt2 + a2(t)

[
dr2

1− kr2
+ r2(dθ2 + sin2 θdφ2)

]
, k = 0,±1 (1.4)

where t, r, θ and φ are the coordination of any point in space and time, k is the

value that will determine the curvature of space; closed flat or open for k = −1, 0, 1

respectively and a(t) is a scale factor that describes the expansion of the universe.

The Hubble parameter can be written using the scale factor as,

H(t) ≡ ȧ

a
(1.5)

Under the case of the universe that is a perfect isotropic fluid, we can describe the

stress-energy tensor as,

T µν =




−ρ 0 0 0

0 P 0 0

0 0 P 0

0 0 0 P




(1.6)

where ρ and P are density and pressure of the fluid. Using the FRW metric (1.4)
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and (1.6), we can write the conservation law in an expanding universe as,

∂ρ

∂t
+
ȧ

a
[3ρ+ 3P ] = 0 (1.7)

We can treat the universe as a perfect fluid and use their equations of state which

relates pressure and density.

P = αρ (1.8)

where α is the equation of state parameter that is determined by the source of energy.

Substituting (1.8) back to (1.7) yields,

ρ ∝ a−3(1+α) (1.9)

This gives us the evolution of energy densities with respect to the scale factor.

The FRW models assume a simple model for the cosmological fluid consisting

of three noninteracting components, matter, radiation and vacuum. In each case,

the energy densities can be explained as,

1. Non-relativistic partical α = 0, for example dust, where pressure is zero. This

will create a matter dominated universe

ρm v Ωm ∝ a−3. (1.10)

2. Relativistic matter α = 1/3, for example photons, will create a radiation dom-
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inated universe

ργ v Ωγ ∝ a−4. (1.11)

3. Cosmological constant α = −1, for example a vacuum energy, will create a

cosmological constant-type of vacuum energy dominated universe

ρΛ v ΩΛ ∝ const. (1.12)

From the EFE (1.3), we can seperate the time-time component from the

space-space component. G00 = 8πT 00, giving us the first Friedman equation

(
ȧ

a

)2

=
8πGρ

3
− k

a2
+

Λ

3
. (1.13)

The second Friedman equation is

ä

a
= −4πG

3
(ρ+ 3P ) +

Λ

3
. (1.14)

Here, we defined the critical as,

ρc ≡
3H2(t)

8πG
. (1.15)

We can see from the first Friedman equation (1.13) that if the the density of universe

is larger than the critical density (ρ > ρc) then k = 1 and space is positively curved.

If the density of universe is equal to the critical density (ρ = ρc), the curvature of

space is flat. Finally if the density of universe is less than the critical density (ρ < ρc)

7



then space is negatively curved.

1.1.3 The Big Bang Model

The expanding universe as described above is known as the hot Big Bang

model. In 1921, Georges Lemaître first proposed the idea that an expanding uni-

verse can be traced back to an original singularity. Later, Hubble discovered the

galactic redshift and concluded that galaxies are moving apart, reaffirming the hy-

pothesis of the Big Bang model. In 1964, another significant pieces of evidence was

discovered when Penzias and Wilson discovered the CMB. (we will discuss this in

section 1.2.) Still, many problems arise after the development of the Big Bang theory.

For example;

• The horizon problem This problem comes from the fact that nothing can

travel faster than the finite limit of the speed of light. The CMB photon has

been traveling nearly age of the universe to reach us. These photons had no time

to travel to the opposite from where they came. Therefore, there is no way that

thermal information from two opposites is communicating because nothing can

exceed the speed of light. That means the temperature of the CMB should not

be uniform because the CMB photon should have been causally disconnected

after the time of the last scattering. The result from the CMB map contradicts

this hypothesis. It shows a remarkable uniformity of temperature across the

whole sky with a variation less than 0.2 mK.

• The magnetic monopole problem The Big Bang model predicts that the
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early stage of the universe produced a number of heavy stable magnetic monopoles.

However, we have never been able to observe any magnetic monopoles.

• The flatness problem This problem is associated with the FRW metric

(See (1.4)). Introducing the density parameter Ω(t) = ρ(t)/ρc, we can rewrite

the Friedmann equation as,

1− Ω(t) = − k

R2
0H

2(t)a2(t)
. (1.16)

The current value of Ω can be any number from 0.1 to 10. The result from

Planck satellite shows the current Ω is 1 within a margin of error of 0.4% [6].

The result confirms the flatness of our universe. The scale factor a(t) is in-

creasing as the universe is expanding, the right hand side of (1.16) showed that

any deviations from Ω = 1 would be amplified with time. This means that at a

time of recombination Ω should differ from 1 by less than 10−16. The number

1 seems an arbitrary, oddly unstable value for the geometry of the universe.

The universe in the early stage needed to be in a particular condition which

come as a surprise to cosmologists as raising another question: why do we live

in such a finely tuned universe?

Can we presume the Big Bang model dead because of those problems? Not entirely.

It just did not provide us the complete picture of our universe. In fact, these questions

encourage us to rethink and find the missing puzzle pieces in the Big Bang model.
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1.1.4 The Inflation Theory

Inflation was initially proposed by Alan Guth in 1981 to solve the flatness and

horizon problems [7]. Later, it was modified by Andrei Linde, Paul Steinhardt, and

Andy Albrecht [8, 9]. The theory states that there is a period of rapid exponential

expansion of the universe before the more gradual Big Bang expansion. During

this period, a cosmological constant-type of vacuum energy dominated the universe.

The inflationary epoch began from 10−36 seconds and lasted for only a fraction of a

second. During the epoch, the universe increased in size by a factor of ∼ 1026. This

rapid expansion of the universe can answer all three problems raised by the Big Bang

theory. In the case of the horizon problem, prior the inflationary epoch, the theory

allows for distant regions to be in casual contact, thermally equilibrate and achieve

a uniform temperature before inflation. For the magnetic monopole problem,

the inflation theory allows the primordial universe to have magnetic monopoles prior

the inflationary epoch. Because of the expansion during inflation, the density of

magnetic monopoles declines rapidly and drops to undetectable levels. The inflation

theory also helps solve the flatness problem. Imagine you live on the surface

of the balloon; you can easily observe that you are living on a curvatured surface.

However, once you increase the size of the balloon to the size of Earth, it is hard

to see that you are living in a curvature, but rather on a flat surface. According

to the inflation theory, our observable universe2 is just a small portion of the entire

universe. It stretches out any initial curvature of the 3-dimensional universe to near
2The observable universe is the maximum spherical region of the universe which can be observed

from the earth at the present time.
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flatness. Moreover, the origin of structure in the universe could be explained by

the inflation theory. In the early stage of the universe before the inflation period,

the observable universe that we see today was microscopic. Quantum fluctuations

in the density of mass-energy in the early universe expanded to a macroscopic scale

during the inflation. Higher density regions condensed and became stars, galaxies

and formed the large-scale structure.

The inflation also generated the primordial gravitation wave from the tensor

perturbations in the gravitational metric. These perturbations are not coupled to

the density, so they do not affect the evolution of the large-scale structure that we

can observe today. However, they do induce the fluctuation in the CMB and imprint

a unique B-mode polarization signal in the CMB.

The inflation theory seems to be the most viable candidate to fullfill the Big

Bang model. However, it has yet to be proven by any observed evidence. Proving

the inflation theory remains to be one of the most active and challenging field of

experimental cosmology. The smoking gun that many cosmologists hunt for is the

CMB primordial B-mode polarization. Later in this chapter, we will discuss what

the CMB B-mode polarization is and how we can detect it.

1.2 The Cosmic Microwave Background

The CMB was formed billions of years ago during the period known as re-

combination and is the oldest light that we can observe today. It was first predicted

in 1948 by Gamow, Alpher, and Herman [10, 11] with an estimated temperature of
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5 K. In 1964, Penzias and Wilson accidentally discovered the CMB which led them

to win the Nobel Prize in 1978. The CMB has two important properties. First, the

CMB radiation is nearly-perfect “black-body radiation”. The Far-InfraRed Absolute

Spectrophotometer (FIRAS) instrument on the COBE satellite measured the near-

perfect black body temperature of the CMB to be 2.725± 0.002 K (See more detail

in Figure 1.2). Second, the CMB radiation is isotropic on large scales and anisotropic

on small scales. The temperature anisotropy can be expressed as,

∆T

T
(θ, φ) =

T (θ, φ)− T0

T0

(1.17)

which gives the temperature fluctuation as a fractions of the mean temperature T0

and an angular position on the sky.

1.2.1 The Formation of the CMB

From the current ΛCDM model3, the early stage universe can be modeled as

a hot dense plasma soup of different particles called the ‘baryon-photon’ fluid. The

reactions in the plasma are in equilibrium. In this period, the universe can be con-

sidered as a radiation dominated universe. The plasma is effectively opaque since the

mean free path of each photon is very short before colliding with electrons. Photons

and electrons are coupled through Thomson scattering. As the universe begins to

cool down and expand, its density declines and the reaction rates drop, resulting in

increasing mean free paths. The acceleration of the reaction is not enough to keep
3ΛCDM is a specific name of the Big Bang cosmological model of the universe which include a

cosmological constant Λ, associated with dark matter and cold dark matter, CDM
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Figure 1.2: Cosmic background radiation monopole spectrum measured by
FIRAS instrument on the COBE satellite. The red line shows a theoretical
curve of the black body spectrum at 2.725 K. Data is taken from [12]

the particles in thermal equilibrium. This stage is called decoupling. Eventually,

the universe cooled to an estimated temperature about 3700 K [4]. During this time,

the formation of neutral hydrogen is created and the number of free electrons and

protons decreases. This reduces the rate of Thomson scattering so that the pho-

ton can start to stream freely. This period happened after approximately 300,000

years after the Big Bang, is called recombination. As a result, the Universe be-

came transparent, and photons reach present-day observers as the Cosmic microwave

background radiation.
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1.2.2 The CMB Anisotropy

As discussed earlier, there are small fluctuations or anisotropies in the CMB.

There are two sources of anisotropies; primary anisotropies which created at the

same time as the CMB was generated and secondary anisotropies which generated

after the recombination era. As we know from Figure 1.2, the CMB spectrum is a

nearly perfect blackbody. We can describe this observable of the CMB in the term

of a temperature fluctuation as a function of sky direction n̂ as

Θ(n̂) =
∆T

T
. (1.18)

Assuming the fluctuations are Gaussian, we can expand the temperature pattern

into multipole moments ` which can be correlated to angular seperation on the sky

θ as ` ≈ π/θ.The term of spherical harmonics Y`m,

Θ`m =

∫
dn̂Y ∗

`m(n̂)Θ(n̂). (1.19)

are fully characterized by their angular power spectrum C`,

〈Θ∗
`mΘ`′m′〉 = δ``′C`. (1.20)

In the small region in the sky, we can assume the sky is flat. The spherical harmonics

can be approximated as the ordinary two-dimensional Fourier expansion. In a typical

analysis, the power spectrum is usually express as the power per logarithmic interval
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in wavenumber, defined as,

∆2
T ≡

`(`+ 1)

2π
C`T

2. (1.21)

The fundamental limitation of the CMB power spectra is determined by “cosmic

variance”. Because of the fact that there is only one universe which we can observe

the CMB and there are only 2`+1 samples of the power spectrum in a given multipole

moment, especially at very low `. The error can be displayed as the inverse of the

square root of the number of possible samples,

∆C` =

√
2

2`+ 1
C`. (1.22)

An example power spectrum is shown in Figure 1.3. This result was measured

by Planck satellite which was launched in 2009 and observed the sky until 2013 [13].

Data at low ` range (below ` = 50) shows a high uncertainty from cosmic variance.

On the large scale, there has not been enough time for the universe to evolve so

that we can only see mainly the initial fluctuation. More interestingly, this plot

shows the multiple peaks in the power spectrum. Those series of peaks are called

the acoustic peaks corresponding to acoustic oscillations of the photon-baryon fluid

in the recombination epoch. The first peak is due to the photon-baryon fluid reach

to its first maximum compression at decoupling. The position of the first peak also

gives us information about the curvature of the universe, showing that our universe

is spatially flat. The second peak shows us the amount of matter in the universe,

and the third peak indicates the density of dark matter in the universe. The peaks
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Figure 1.3: The CMB CTT` power spectrum from the Planck satellite. The
result from low ` and from high ` are shown in blue and green, respectively. The
large uncertainties in low ` are due to the cosmic variance. A fit to the ΛCDM
model is shown in the red solid line. Data is taken from [13].
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in higher ` are damped as a result of photon diffusion.

1.2.3 The Polarization of CMB

Another feature of the CMB is polarization, a powerful tool for investigating

the early universe. The polarized CMB photon is generated from Thomson scat-

tering at the time of decoupling. When an unpolarized photon collided with a free

electron, the scattered photon is polarized in the direction perpendicular to the inci-

dent direction. That means only the incident photon from quadrupole moment can

create a net polarized photon. There are three sources that can generate quadrupole

anisotropies the recombination: scalar perturbations, vector perturbations, and ten-

sor perturbations. The first represents the perturbation in the mass-energy density of

the fluid at the last scattering. The second is vortical motions of the plasma similar

to “eddies” in water. These vector perturbations are predicted to be negligible at the

recombination. The third is caused by “the gravitational wave” which are produced

from inflation. They created an anisotropic stretching of space and correspondingly

the frequency of CMB photons.

It is common to describe the polarization of CMB in the term of the Stokes

parameters.

I = |Ex|2 + |Ey|2,

Q = |Ex|2 − |Ey|2,

U = 2Re(ExE
∗
y),

V = −2Im(ExE
∗
y).

(1.23)

The Stokes parameter I represents the total intensity of the photon, Q rep-
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resents the linear polarization in horizontal and vertical direction, U represents the

linear polarization in diagonal, and V represent the circular polarization. However,

those parameters depend on the choice of the coordinate. For example, parameter Q

and U rely on the angle between the polarization axes and the reference frame. A bet-

ter option is E-mode (electric field like) polarization which is a curl-free component

and B-mode (magnetic field like) polarization which is a gradient-free component.

E and B mode are non-local quantities and can represent the global properties of

polarization field.The relationship between these parameters can be written in 2D

Fourier transform space as,

E(`) = Q(`) cos(2φ`) + U(`) sin(2φ`),

B(`) = −Q(`) sin(2φ`) + U(`) cos(2φ`).

(1.24)

where φ` is the angle between X-axis and the polarization direction. And the reverse

operation can be expressed as,

Q(`) = E(`) cos(2φ`)−B(`) sin(2φ`),

U(`) = E(`) sin(2φ`) +B(`) cos(2φ`).

(1.25)

Similar to (1.20), the power spectra for temperature, E and B-mode including cross-

correlations can be written as,

CXY
` = 〈ΘX∗

`mΘY
`m〉, (1.26)

with X, Y ∈ [T,E,B].
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The theoretical CMB polarization power spectra are shown in Figure 1.7 us-

ing the current ΛCDM parameters. Comparing all three power spectra, CBB
` has the

faintest signal across all multipole. Scalar perturbations generate only E-mode polar-

ization, but tensor perturbations produce both E and B-mode polarization. Hence,

B-mode polarization becomes the smoking gun for primordial gravitational waves

and inflation. Currently, it is a challenging for the CMB experiment community

to improve the sensitivity of the instrument for detecting the B-mode polarization

CMB. Two primary sources of the primordial B-mode signal are the presence of the

gravitational waves at the surface of the last scattering [14, 15] and the lensing of

CMB photons between last scattering and our observation from weak gravitational

lensing [16,17].

1.2.4 Gravitational Lensing of the CMB

As photons propagate through the universe since thirteen billion years ago

from the surface of the last scattering to the earth, they are randomly deflected by

the gravitational force from inhomogeneous mass distribution [16]. This distortion

effect can occur in both temperature and polarization anisotropy patterns. The effect

on the temperature anisotropy power spectrum is not significant; it will smear out

sharp features in the power spectrum [19,20]. However, the effect on the polarization

anisotropy can lead to the mixing mode between E and B-mode polarization. The

characteristic shapes of primordial B-mode and lensing B-mode are different. The

lensing power spectrum has a peak at small angular scale or high multipoles (`)

as shown in Figure 1.7. For a high tensor-to-scalar ratio r, the peak of primordial
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Figure 1.4: A polarized CMB photon arising from Thomson scattering. Red
lines and blue lines represent the polarization of the incident photon. (a). When
unpolarized photon from +x̂ direction collides with electron, it will re-emit the
photon and scatter to +ŷ whose polarization is perpendicular to the incoming
photon. (b). When two incoming photons from +x̂ and +ẑ have the same
intensity, there no net polarized photon is produced. (c). Blue (red) lines denote
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Figure 1.5: An illustration of Strokes parameter Q and U, Q is showed in the
left box. Positive Q (green) is a linear polarization along X-axis, and negative Q
(red) is a linear polarization along Y-axis. U is showed in a right box. Positive
U (green) is a linear polarization with 45 degrees rotation by the X-axis and
negative U (red) is a linear polarization with 45 degrees rotation by the Y-axis.
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Figure 1.6: An illustration of E-mode and B-mode polarizations. (a), shows
E-mode patterns or curl-free patterns. (b), shows B-mode patterns or gradient-
free patterns.
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B-mode is still detectable. The analysis for lensing removal is called "de-lensing"

is needed to recover the primordial B-mode signal for a small r. The limit on the

minimum value of r for the detectable level is around 2× 10−4 [21].

The lensing signal itself contains useful cosmological information such as a

mass distribution across the sky between the surface of the last scattering to now.

The correlation between E-mode and B-mode can be used to re-construction the

gravitational field and to generate the mass distribution. The shape of the mass dis-

tribution will give us constraints on cosmological parameters and its peak is sensitive

to a sum of the neutrino masses.

1.2.5 Foreground Contamination

Foreground contamination is one of the main limiting factors for ground-based

CMB experiments. There are many sources of foreground contaminants which we

have to characterize and remove from the CMB signal including the atmospheric

contamination, galactic synchrotron foreground, and interstellar dust.

Atmospheric Contamination

For ground-based experiments, the atmosphere can play a significant role in

creating contamination and reducing the sensitivity of the measurement. Water va-

por and dioxygen molecules in the atmosphere can absorb photons in millimeter

wavelength range. The atmosphere also creates an excess thermal loading to the de-

tectors. The atmospheric contamination is also not a static foreground. For example,

wind can change the composition of an atmosphere from time to time. This effect
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can generate low-frequency noise in the time-ordered data which can be mitigate by

using signal modulation or by faster scan speed. The site location can help to reduce

effects from the atmosphere as well. Two locations which have a high elevation and

low Precipitable Water Vapor (PWV), such as the South Pole or the Atacama desert

in Chile. These locations are considered as the driest places in the world and are the

optimal location for a ground-based CMB observation.

Figure 1.8 shows the transmission spectrum from the atmosphere observed at

an elevation of 60◦. The majority of the absorption comes from water vapor in the

air absorption creating lines around 20 and 180 GHz, oxygen with around 60 and 120

GHz, and hydrogen with absorption line around 190 GHz. Futhermore the opacity

of the atmosphere at a frequency higher than 300 GHz make it difficult to observe

the CMB from the ground.

The emission from the atmosphere is expected to be largely unpolarized, only

oxygen molecules can exhibit Zeeman splitting from the earth magnetic field, which

creates a circular polarization. Although the CMB is not expected to have a circular

polarization, at a large angular scale, ` ≈ 1, circular polarization can convert to

linear polarization and produce a B-mode signal [22,23]. This B-mode leakage signal

can be fixed in Earth’s reference frame and seperated from the CMB signal. Hence,

this foreground is most likely not expected to create an additional signal to the CMB

polarization.

Balloon-borne experiments and satellites experiments, can mitigate foreground

contaminants and excess optical loading from the atmosphere, resulting in an in-

creased sensitivity of the detector compared to ground-based experiments. However,
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Figure 1.8: Atmospheric transmission in the Llano de Chajnantor, Chile. The
plot shows the transmission spectrum of a precipitable water vapor (PWV) of
0.5 mm (blue), 1 mm (green) and 2 mm (red) at elevation 60◦ and at an altitude
of 5,100 meters. Historically, PWV=0.5 mm can be observed around for 25% of
a whole year with median of PWV of 1mm. The atmospheric model is calculated
using the ATM package [24]

mechanical challenges and weight create a constraint on the size of the focal plane

and the number of the detectors.

Galactic Synchrotron Foregrounds

Galactic synchrotron radiation is generated by accelerated cosmic-ray elec-

trons passing through the galactic magnetic field. This radiation has a high impact

at frequencies below 70 GHz. Synchrotron emission decreases follows a power law

T ∝ ν−β, where the theoretical spectral index is in the range between 2 and 3,

depending on the position and frequency [25].

24



Interstellar Dust

The polarization from dust emission is one of the major polarized contaminant

sources for CMB experiments. The emission from dust dominates at frequencies

higer than 70 GHz even at high galactic latitudes has a peak around 2000 GHz.

These polarized signals arise from asymmetrical dust grains with sizes around 0.1

µm aligning with the galactic magnetic field. The polarization from dust can create

false B-mode polarization. The recent joint analysis of BICEP2/Keck array and

Planck data showed that the polarized foreground power from dust can be similar or

even larger than the primordial B-mode signal itself [26].

One way of estimating the polarization power from dust is using the publicly

available Planck 2015 sky map at 353 GHz then using the power law T ∝ T0ν
β where

the spectral index β ≈ 2 to scale down to observing frequencies [27]. Observation

of the CMB at multiple frequencies is required to improve the estimation of the

polarization for dust. Many of new generation of CMB experiments are deployed

with multi-frequencies detectors such as the Simons Array [28], the SPT3G [29], and

the AdvACT [30].
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Chapter 2

The Polarbear Experiment

2.1 Introduction

Polarbear is a cosmic microwave background (CMB) polarization experi-

ment; one of the several current experiments aiming to observe evidences of inflation.

The Polarbear was first assembled for engineering run in 2010 at the Inyo Moun-

tains, California. In late 2011, it was deployed at the James Ax Observatory on

Cerro Tocco in the Atacama desert in Northern Chile at an altitude of 5,200 me-

ters. The Polarbear receiver was installed on the 2.5 meter Huan Tran Telescope

and started observation in 2012. It consists of 1274 polarization-sensitive transition

edge sensor (TES) antenna-couple bolometers operating at 250 mK with a spectrum

band centered at 148 GHz [31]. The primary goal of the Polarbear experiment

is to detect small angular scale B-mode signals from gravitational lensing as well as

a large angular scale B-mode signals from inflationary gravitational waves. In the
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chapter, we will examine the scientific goals behind the project, the Polarbear

instrumentations, and discuss the result from two season observation result.

2.2 Scientific Goals

As discussed in Chapter 1, one of the most ambitious goals in CMB experiment

is to finding an evidence of inflation theory. A detection of the B-mode polarization

will provide a direct proof to support the inflationary paradigm and it will help us

constrain the cosmological parameters.

Not only primordial gravitational wave from tensor perturbation imprint B-

modes signal to the CMB, but also E-modes leaking to B-modes cause by weak

gravitational lensing from the large scale structure. This leads to the B-mode polar-

ized signal in small angular scale and limit our ability to measure the tensor-to-scale

ratio r as described in Section 1.2.4. Nevertheless, lensing B-modes offer us informa-

tion about the large scale structure including the constraint on the neutrinos masses

and testing the general relativity. The Polarbear was designed to characterize

B-mode polarization signal on both the large and small angular scales. The observa-

tion patches of the Polarbear are chosen to minimize the level of dust foreground

contamination from the galactic plane overlap with optical and infrared galaxy sur-

veys which enable us to cross-correlate these data for better understanding in the

nature of lensing effect. These lensing B-modes have been discovered recently on

small angular scales by the Polarbear and other experiments [32–35].
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2.3 Instrument overview

To distinguish the B-mode signal, we have to design a state-of-the-art receiver

with high sensitivity and minimize the systematic effect that can be mixed with the

faint B-mode signal. The current technology of a detector development is limited

by the photon noise of the thermal background. To increase an overall performance

and sensitivity of the receiver, the Polarbear utilizes a unique 637 lenslets-coupled

focal plane with the center band at 148 GHz with a bandwidth of 38 GHz integrated

with cold re-imaging optics. In this section, we will give a brief discussion of the key

elements of the design and development of the Polarbear experiment.

2.3.1 The Huan Tran Telescope

The Huan Tran Telescope (HTT) is a 2.5 meter diameter telescope at the

James Ax observatory on which the Polarbear receiver was installed. The HTT

is an off-axis Gregorian-Dragone design, consists of two-off axis mirror. The off-axis

design was chosen because of the lack of supporting structure on the secondary mirror

which is required for an on-axis system that can obstruct a beam and diffract or

scatter signal from the ground to the main beam. To minimize the cross-polarization

and astigmatism over a large diffraction-limited field of view, the HTT’s design is

chosen to satisfy the Mizuguchi-Dragone condition.

Figure 2.1 shows the HTT in the Atacama desert, northern Chile and the ray

traced optics elements. The HTT precision primary mirror is a 2.5 meter diameter

monolithic aluminum alloy mirror that is machined from a single piece of aluminum
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Figure 2.1: The Huan Tran Telescope. (a): HTT at the James Ax Observatory
in Atacama desert in Chile. In the image, (i) the primary guard ring, (ii) the
primary mirror, (iii) the co-moving ground shield and (iv) the prime focus baffle.
(b): a ray trace schematic of the telescope optic. The focus created by (v) the
primary and (vi) the secondary mirror are reimaged by cold re-imaging optics
to the (vii) focal plane. Figure from [31]
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with surface RMS accuracy of 53 µm. Combined with the low surface precision

guard ring, the primary paraboloid can be extended out to 3.5 meter in diameter.

The guard ring is designed to reduce loading toward receivers and to redirect any

spillover power that does not come from the sky which can potentially caused side-

lode of the non-ideal shape of the main telescope beam. The high surface accuracy

mirror fabrication helps limiting loss from diffuse scattering caused by the roughness

of the surface. The primary mirror provides 3.5 arcminutes FWHM beam at 148

GHz. The secondary mirror is 1.4 m monolithic cast aluminum that sits inside the

baffling enclosure. The co-moving ground shield prevents potential contaminated

signals from the ground and surrounding objects. This design enables the HTT

telescope to observe to ` ≈ 2500 and to characterize the peak of lensing B-mode at

` ∼ 1000.

2.3.2 Polarbear’s Cryogenic Receiver

In order to measure a weak signal from the CMB, the detector arrays need to

be cooled cryogenically to reduce their thermal noise carrier to be below the back-

ground loading noises from the sky. Moreover, all the elements in the optical path

can contribute to the thermal loading of the detector array. Therefore cooling these

additional components besides the detector arrays in the optical path is needed. The

Polarbear receiver is cooled down to base temperatures of 50 K and 4 K by a

two stage pulse tube refrigerator (a commercial PT45 model1). Figure 2.2 shows

a cross-sectional drawing of the Polarbear receiver. The main elements of the
1http://www.cryomech.com
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Figure 2.2: A cross-sectional drawing of Polarbear receiver cryostat. Ray
traces overlaid the cross-sectional drawing show the optical path from the sec-
ondary mirror to the focal plane through three re-imaging lenses. The major
components are identified in the image. Figure from [31]

Polarbear cryogenic receiver are the Zotefoam windows, IR blocking filter, half-

wave plate (HWP) made from 3.1 mm thick single crystalline sapphire, and three

re-imaging lenses which coupled the reflective optic from the secondary mirror to

the focal plane. These re-imaging lenses are manufactured from ultra-high molecular

weight polyethylene (UHMWPE) and coated with a single layer of porous polyte-

trafluoroethylene (PTFE). The reimaging optics give the telescope a 2.4 degrees

diffraction-limited field of view for a 19 cm focal plane. The sub-Kevin focal plane is

cooled by a three stages helium sorption fridge2 provides two cooling stages at 0.35

K and 0.25 K.
2http://www.chasecryogenics.com
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2.3.3 Polarbear’s focal plane

The Polarbear focal plane consists of 637 pixels on seven hexagonal wafers,

totaling of 1,274 polarized-sensitive antenna-coupled TES bolometer [36]. Each wafer

is fabricated at the Berkeley Nanolab. Each pixel uses dielectric lenslet to couple the

telescope’s optical system. The advantages of a lenslets-coupled antenna are

• The antenna on the thick dielectric substrate such as silicon wafer, which has

a relative dielectric constant εr =11.7, can suffer from a power loss due to the

total internal reflection in a substrate. Lenslets can increase that total internal

reflection [37].

• The antennas on the dielectric substrate tend to radiate most of their power

to the dielectric substrate, creating an unidirectional pattern. The ratio of

radiation power between the dielectric substrate side and air is ε3/2r [38].

• Since the refractive optics have a broadband spectrum and low loss in the

medium. This allows for multichroic antenna to be coupled to lenslets, which

extends the focal plane ability to measure multi-spectral band in a single pixel

[39,40].

The reflection loss on the surface of lenslets can be costly due to the high

dielectric constant of silicon. To relieve this reflection loss, an AR coating is applied

on the lenslet surface. The Polarbear lenslets are coated with uniform quarter-

wavelength of 148 GHz thickness thermoformed polyetherimide with an optical index

of 1.7.
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Figure 2.3: The Polarbear focal plane. Left: A photograph of the Po-
larbear completed focal plane tower including lenslets array and supporting
structures. Top right: Scanning electron micrograph of a Polarbear bolome-
ter. Bottom right: A photograph of a dual-polarized slot antenna coupled to
two TES bolometers via microstrip lines.

The underside of each lenslet has a dual-polarized slot antenna oriented to

be sensitive to polarizations of the incoming photon as shown in Figure 2.3. Each

antenna is coupled to TES bolometer via a microstrip line. This antenna design

offers us an excellent radiation pattern, a low impedance, wide bandwidth, and low

cross polarization [41].

Transition Edge Sensor Bolometer

As discussed earlier, the Polarbear uses TES bolometer to convert an op-

tical power to a measurable signal. As shown in Figure 2.4, a bolometer consists

of a thermistor with a thermal capacity C which has a weak thermal link to a heat

bath with a temperature of Tbath and thermal conductance G. Once a thermistor
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Figure 2.4: Cartoon diagram of a bolometer. Popt is the power of the incident
photons. The total operating power of the thermistor comes from the constant
voltage Vbias and Popt. The thermistor is connected to the wafer (red box,
temperature = Tbath) via a weak thermal link, G.

receives the optical power Popt, the temperature of the thermistor changes by ∆T

if this change is slower than the time constant τ = C/G. In the operation, a con-

stant voltage bias Vbias is applied to the bolometer. The total operating power of the

bolometer can be written as,

Ptot = Popt + Pelec = G∆T. (2.1)

The TES bolometer is designed to operate in the transition between a normal and

a superconducting phase which gives an advantage of the large value of dR/dT .

When the incident photon with Popt increases the temperature of bolometer T and

causes the resistance R to increase, the constant voltage bias will give a negative

electrothermal feedback by decreasing the electric power Pbias = V 2

R
which will result
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in Ptot ≈ constant. Hence, the power of the incident photon can be obtained by mea-

surement of the current from the bolometer which driven by the constant voltage

bias. Miscalculation of the optical loading can drive the TES out of the supercon-

ducting transition and cause the bolometer power to saturate. For a ground base

experiment like Polarbear, the expected optical loading is not only from CMB

photon, but also from the atmosphere and the instrument itself.

2.3.4 Multiplexing readout

It is a challenge to have an electrical connection for all 1,274 detectors at the

cryogenic focal plane to a warm electronics for a readout and give a voltage bias

without creating an excessive thermal load to the sub millikelvin stage. Many CMB

experiments use a multiplexing system where multiple detectors can be read out by

a single pair of wires and voltage biased by another pair of wires. There are three

main multiplexing systems which are commonly used among CMB experiments, time-

domain multiplexing, frequency domain multiplexing and code division multiplexing.

The Polarbear uses frequency domain multiplexing system.

In the Polarbear setup, each bolometer is connected in series with an LC

filter which tuned to different resonant frequencies as shown in Figure 2.5. The

bias resistor Rbias is located in 4 K stage that connects to a chain of LC-filter and

bolometers by a single pair of wires to ensure only a small power is dissipated to

the focal plane. The Polarbear uses eight multiplexing factor which means eight

bolometers share a pair of readout and a pair of a voltage bias. AC voltage biases are

generated at different carrier frequencies that correspond to LC-resonance frequencies
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Figure 2.5: Circuit diagram of the cold portion of the frequency-domain multi-
plexing readout system. The box on the left shows the TES bolometers (Rbolo)
and channel-defining LC filters. The box on the right shows the SQUID. The
nominal temperature of each box is 250 mK and 4 K, respectively.
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so that each bolometer will see only one voltage bias. The sum of the current from

individual bolometer is measured by super-conducting quantum interference device

(SQUID). The multiplexed data from bolometers goes to room temperature readout

on 168 pairs of analog wires and digitized by Digital Frequency-Domain Multiplexing

(DfMux) boards [42].

2.4 First and Second Season Results

The Polarbear collaboration published three results from the first season

of observations in 2014 [35,43,44] and published the result from the first and second

season of observations in 2017 [45]. As we discussed earlier in Section 2.2, the first

and second observation season goal of the Polarbear is to characterize the CMB

B-mode at a small angular scales on the sky, in which the dominant source is the

gravitational lensing of the CMB by large-scale structure. The Polarbear obser-

vation strategy was designed to scan three small patches with total effective sky area

of 25 deg2 with a resolution of 3.5 arcminutes. Those patches are chosen because of a

low dust intensity, high observation availability throughout the day, a long distance

from the Galactic plane, and overlapped observation areas to other observations for

cross-correlation studies [35]. The three patches are called RA4.5, RA12 and RA23

based on their right ascension as shown in Figure 2.6. RA23 and RA12 were selected

to overlap with Herschel-ATLAS observations while RA4.5 and RA23 overlaps with

QUIET observations.

The first observation season began in May 2012 to June 2013 and the second
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Figure 2.6: The Polarbear first and second season CMB patches. Three
patches overlaid on the full-sky 857 GHz from Planck [46].The patches are
choosen base on the low dust emission, overlap with other experiment and avail-
ability to observe throughout the day from James Ax Observatory in Chile.
Figure is taken from [35]

observation season started from September 2013 to April 2014. The total observation

time for the two seasons with three CMB patches was 4,700 hours.

The first result is the direct measurement of the CBB
` from the angular mul-

tipole range of 500 < ` < 2100, which is also the first direct detection of CBB
` .

The spectrum is shown in Figure 2.9. The result rejects the null hypothesis of

no gravitational lensing B-mode with 3.1σ confidence. After these data were sub-

tracting the foreground contaminate from thermal dust, the polarized Galatic fore-

grounds and synchrotron using data from Planck [47, 48], then fit the band power

using Planck 2015 ΛCDM parameters. We find ABB = 0.60+0.26
−0.24(stat)+0.00

−0.04(inst) ±

0.14(forground)± 0.04(multi), where “stat” refers to the 68.3% confidence interval of

the estimated quantity, “inst” refers to the systematic uncertainty from instrument,
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“multi” refers to multiplicative calibration uncertainties and foreground refers to the

total foreground uncertainty.

In order to prevent observer bias in data selection and analysis, the Polar-

bear analysis performed “blind”, meaning no one looked at CBB
` power spectrum

until the data selection and the analysis with systematic error tests were completed.

The data were analyzed using two independent pipeline analysis and the results are

in agreement. To verify all the data meet the criteria, we ran null tests in 12 divisions

of data. Another important step in the analysis is ensuring the systematic uncer-

tainties are small compared to the statistical uncertainty level that does not create a

false B-mode signal. Shown in Figure 2.8, nine systematic uncertainty models were

created-: i) uncertainty in instrument polarization angle, ii) uncertainty in relative

pixel polarization angles, iii) uncertainty in instrument boresight pointing model, iv)

differential pointing between the two detectors in a pixel, v) the drift of the gains

between two consecutive thermal source calibrator measurements, vi) relative gain

calibration uncertainty between the two detectors in a pixel, vii) crosstalk in the

multiplexed readout, viii) differential beam size, and ix) differential beam ellipticity.

We found that all nine systematic uncertainties and their combination produce a

spurious B-mode signal below the statistical uncertainty level. A full description of

analysis and results can be found here [45].

In addition to the result from CBB
` power spectrum which was discussed previ-

ously, the Polarbear also has two additional analyses to prove the lensing B-mode

signal from the gravitational lensing. The first one was published in 2014, using the

deflection power spectrum Cdd
` which calculated using data from the first observation
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Figure 2.7: CMB polarization maps of RA23 in the equatorial coordinates.
Left, center, right show map of intensity, Q and U respectively. Tops are gen-
erated by Pipeline A and bottoms are generated by Pipeline B. Figure is taken
from [45]
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Figure 2.8: Systematic error simulation. The dashed horizontal lines show
statistical uncertainty, the solid black lines show lensing B-mode spectrum from
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nation of all nine systematic uncertainty effects and the rest of the solid lines
show individual systematic uncertainty effects. Figure is taken from [45]
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Figure 2.9: CBB` power spectrum result from the two seasons. Red diamonds
(blue squares) show the measure power spectrum from pipeline A (pipeline B).
The solid black line shows a theoritical Planck 2015 ΛCDM lensing B-mode
power spectrum. Figure is taken from [45]
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season. Because CMB B-mode photons are deflected by large-scale structures and

the conversion of E-mode photons, using E-mode and B-mode information and the

conversion from Gaussian primary anisotropy to non-Gaussian lensed anisotropy, the

maps of gravitational lensing deflection can be reconstructed. Cdd
` was calculated us-

ing two four-point correlations estimators, < EEEB > and < EBEB >. We found

evidence of a presence of the signal of polarization lensing and lensing B-mode at

4.2σ significance. The amplitude of deflection power spectrum was measured to be

A = 1.06± 0.47+0.35
−0.31. The full analysis and further discussion can be found in [43].

The CMB also can be cross-correlated with the Cosmic Infrared Background

(CIB) at a wavelength of 500 µm which also contains information about the large

scale structure such as a high-redshift distribution of luminous galaxies [49]. We can

use the advantage of the overlaps in observation patches with Herschel satellite to

cross-correlate CMB data from the Polarbear and CIB maps from Herchel. The

result supported the evidence of lensing B-mode at 2.3σ significance. Additional

detail about the analysis and results are discussed in [44]
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Chapter 3

Polarbear-2 and the Simons Array

3.1 Introduction

From the successful deployment and multi seasons of Polarbear experimen-

tal observations, we gained a better understanding in the instrumental development,

which led to a development of the Simons Array , an expansion to the Polarbear

experiment. The Simons Array will increase the number of detectors and the field

of view of multi-frequencies measurements. The first Simons Array telescope will be

deloyed with the Polarbear-2 receiver with detectors sensitive to 95 and 150 GHz.

The duplicated receiver with same frequencies bands will be installed in the second

new telescope shortly after the first one. Later in 2018, the original Polarbear

receiver in the HTT telescope will be replaced by the third receiver which contains

multichroic detectors with the spectral band of 220 GHz and 270 GHz. The Simons

Array will have a total of 22,764 detectors. The combination of the multi-frequencies
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range and high sensitivity detectors will allow the Simons Array to measure the CMB

signal with high fidelity, leading to a better understanding of the nature of inflation.

In this chapter, I will walk you through the scientific goal and the key to the im-

provement of the Polarbear-2 receiver, and current developmental status of the

Simons Array .

3.2 The Simons Array’s Scientific Goal

The Simons Array shares a similar scientific goal with the Polarbear ex-

periment. By increasing the number of detectors and observable frequencies, the

result for the Simons Array will give us a better understanding in the foreground

contamination, a strong constraint on the tensor-to-scalar ratio r, the sum of the

neutrino masses, and the spectral index ns of the inflation potential.

At the elevation angle of 30 degrees from Chile, the Simons Array will be

able to access to 80% of the sky. Excluding 20% of the sky due to the galactic

avoidance, the Simons Array will survey of 65% of the sky. With three years of

observations, the Simons Array will contribute significantly to cosmology. Figure 3.1

shows the projection of binned power spectrum from three years of observations on

the theoretical CBB
` power spectra from ΛCDM model and the lensing signal. The

sensitivity of the Simons Array allow us to measure the amplitude of the tensor-to-

scalar ratio r > 0.01 with 5σ significance. The Simons Array will have a capability

to precisely measure CEE
` at small angular scale which will help us to constrain

the spectral index, ns, to σ(ns) = 0.0015 by characterizing the E-mode polarization
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Figure 3.1: The forecasted sensitivity of the Simons Array. The theoretical
B-mode CMB polarization power spectra from a ΛCDM model with tensor-
to-scalar ratio r = 0.1 and r = 0.001 (purple curve) and the lensing signal
(orange curve) are shown. Binned error bars from three years observation with
fsky = 0.65 are plotted. This figure is taken from [28].
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power spectrum. The results from r and ns will allow us to better understand the

inflation model. The Simons Array also will also have the capability to constrain the

sum of the neutrino masses by using the gravitational lensing signal to 40 meV at

1σ significant level when combining the result with DESI experiment [50].

3.3 Telescope

Using learnings from the Polarbear experiment, the Simons Array uses the

same design as the HTT telescope - the off-axis Gregorian Dragone design with a

wide diffraction-limited field of view with an angular resolution of 3.5 arcminutes

at 150 GHz (more detail showed in Section 2.3.1). Most of the reflective compo-

nents of the telescope are kept the same except for the co-moving shield. Two new

telescopes were installed at the site in early 2016 as shown in Figure 3.2. The first

Polarbear-2 receiver will be installed in the northern telescope. Shortly after, the

second duplicated Polarbear-2 receiver will be installed in the southern telescope,

while the third receiver will replace the current Polarbear receiver in the HTT

telescope.

3.4 Observational Strategy

Unlike an observation from the south pole with a limited view to the sky area,

the Simons Array located in Northern Chile has a sky access up to 80% of the total

sky above an observation elevation angle of 30 degrees. This helps decreasing the

limitation of samples variance which is very important for the search of the primodial
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Figure 3.2: The Simons Array site at 5,200 meter above sea level in North-
ern Chile. The first Polarbear-2 receiver will be installed in the HTT style
telescope on the left (the north telescope) in early 2018. The second one will
be installed shortly after on the right of this picture (the south telescope). The
third receiver will replace the Polarbear receiver in the HTT telescope (the
middle telescope). This picture was taken in 2016.
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Table 3.1: Design comparision of the Polarbear and the Simons Array

Specification Polarbear Simons Array
Frequencies 150 GHz 95, 150, 220 and 270 GHz
Number of pixels 637 5,691
Number of bolometers 1,274 22,764
NETarray 23 µK

√
s (median, first season) 2.5µK

√
s

Field of view 2.3 degrees 4.8 degrees
Beam Size 3.5 arcmin 5.2 arcmin at 95 GHz

3.5 arcmin at 150 GHz
2.7 arcmin at 220 GHz
2.1 arcmin at 220 GHz

gravitational wave and the characterizing cosmological parameters from the CMB

lensing signal. The sky in our observation site also has a number of astromonical

sources which are useful for calibrations and estimation of systematic uncertainties.

Similar to the Polarbear experiment, the Simons Array will scan the patch

on the sky by adopting a Constant Elevation Scan (CES) method using azimuth scans

at stepped elevation. These patches rise and set follow the sky rotation, providing a

natural sky polarization modulation.

3.5 The Polarbear-2 Instrument Overview

As discussed earlier in Section 3.3, the Polarbear-2 receiver will be housed

in a new HTT-style telescope. A CAD drawing of the Polarbear-2 receiver and

the photograph of the Polarbear-2 receiver are shown in Figure 3.3.

The Polarbear-2 receivers are designed to have a similar outlook as the

single-lens reflective camera consisted of two parts: 1) an optics tube which houses
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all the optical elements include three re-imaging lenses, the metal mesh filter and the

alumina IR filter, and 2) a receiver backend enclosure that houses the focal plane,

readout, and muli-Kelvin fridge. Each of the receiver backend enclosures and the

optical tubes will have the two stages pulse tube refrigerator (a commercial PT415

model1) to cool down the system. Both PT415 pulse tubes are designed to be titled

by 21 degrees with respect to the optical tube to have the optimum performance

at the 45 degree elevation. In addition, the Polarbear-2 focal plane will use a

three-stages helium sorption fridge to provide cooling power to the sub-Kelvin stage.

The measured temperature and holding time of the focal plane are 270 mK and 28

hours, respectively [51].

In the first Polarbear-2 receiver, the target noise equivalent temperature

(NET) of each bolometer is 360 µK
√
s for both 95 and 150 GHz. Total NET of the

combined array is 4.1 µK
√
s. The Polarbear-2 receiver will be deployed with gain

calibrator and polarization modulation. For the polarization modulation, we will use

a sapphire half-wave plate (HWP) at the front of the vacuum windows in the first

Polarbear-2 receiver. For the second and third Polarbear-2 receiver, we will

put a sapphire HWP inside the cryostat. This modulator will allow us to reduce 1/f

noise and mitigate the beam systematics. The gain calibrator we use is the chopped

non-polarized thermal source at 1000 K at the backside of the secondary mirror.
1http:/www.cryomech.com
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Figure 3.3: The Polarbear-2 receiver. Top; a cross-sectional drawing
of Polarbear-2 receiver. The main components are, (I) Zotefoam Win-
dow (300K), (II) (III) and (IV) high purity alumina re-imaging lenses (4K),
(V) Lyot’s stop and (VI) focal plane (0.25 mK). Bottom; the photo of the
Polarbear-2 receiver being tested at the The High Energy Accelerator Re-
search Organization (KEK) lab.
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3.6 The Polarbear-2 Optics

The Polarbear-2 optics consist of a combination of an off-axis Gregorian-

Dragone telescope and the cold optics component inside the optics tube. The first

element in the optic tube is the Zotefoam window2 which acts as the vacuum window

as shown in Figure 3.3. In the millimeter wavelength range, the refractive index of

Zotefoam is close to one, which can be considered as vacuum. The diameter of the

Zotefoams window and thickness is 800 mm and 200 mm, respectively. The next

component is a set of IR filters at each thermal stage to reduce IR emission for the

window. We use a set of the Radio-transparent Multi-Layer Insulator (RT-MLI) [52]

filter at 168 K, an alumina filter at 55 K, and the metal mesh filter at the 4 K

stage. Three alumina re-imaging lenses are coated with Skybond3+mullite on the

flat surface and with epoxies: Stycast2850FT and Stycast1090 on the curved surface.

The grooves are made on the epoxies side to reduce the thermal stress caused by laser

cutting.

3.7 The Polarbear-2 Focal Plane

One of the key technologies of the Simons Array are its multichroic detectors

capacity. Previously, CMB experiments were able to observe only one frequency per

pixel. By expanding to the multichroic pixel, the focal plane will have double or

multiple the number of the detectors per pixel. Similar to the Polarbear focal

plane, the Polarbear-2 focal plane will use the lenslet-coupled antenna system
2http://www.zotefoams.com/
3Skybond is polyimide foam, made by IST corporation, http://www.istcorp.jp/en/about3.htm
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which has a broadband capability..

Each Polarbear-2 focal plane comprises 1897 pixels packed in seven hexago-

nal sub-array module containing 271 pixels. The incoming CMB photons are optically

coupled to the antenna in each pixel by an anti-reflection (AR) coated silicon lenslets

which populated on a lenslets sub-array wafer [53]. The individual pixels in the de-

tector sub-array wafer features the lithographed planar sinuous antennas that splits

incoming photon to two orthogonal linear polarizations for each of two frequencies.

The sinuous antenna is a log-periodic antenna and has a self-complementary struc-

ture which gives a stable input impedance over a broadband spectrum [54]. Photon

power from the antenna is coupled to the superconducting microstrip transmission

lines and feed through the on-chip band-defining stripline filter. After that, the sig-

nals are detected by superconducting TES bolometer [39, 55]. More details about

testing and development of the AR-coated silicon lenslet-couple antenna system will

be discussed in Chapter 4.

The first and second Polarbear-2 receivers in the Simons Array will both

have multichroic detector arrays operating at 95 and 150 GHz while the third receiver

will be operating at 220 and 270 GHz. Combining all three receivers, the Simons

Array will have a total of 22,764 TES bolometers with an estimated sensitivity of

2.5 µKcmb

√
s.
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Figure 3.4: The Polarbear-2 focalplane. Left: A single hexagonal sub-array
module. A single sub-array module composed of a lenslet wafer, a detector wafer
and LC readout module. Each sub-array module is approximately 150 mm in
diameter. Right: A CAD drawing of a full assembly focal plane tower consisted
of all seven hexagonal sub-array modules.This figure is taken from [28].

Figure 3.5: The Polarbear-2 detector pixel. The Polarbear-2 sinuous
antenna feeds four TES bolometers (only two shown here) for two orthogonal
linear polarizations and each of two frequencies. This figure is taken from [28].
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3.8 The Polarbear-2 Multiplexing Readout

With 7,588 detectors in a single receiver which is six times the number of

detectors in the Polarbear, it is impractical to readout with a multiplexing factor

of 8 as the Polarbear due to the limitation in thermal loading from signal cables.

Instead, the Simons Array uses a similar multiplexing scheme as the Polarbear

(explained in Section 2.3.4) but increases the multiplexing factor to 40. Extending

the architecture to 40 bolometers per SQUIDs requires an increase in the bandwidth

of the SQUIDs electronics to more than 4 MHz [56,57]. The readout channels are de-

fined by LC filters with 60 µH inductors and different capacitors made by NIST with

the requirement of electrical crosstalk is less than 1%. The layout and frequencies

spacing of LC channels are optimized to minimal crosstalk. The expected readout

noise is designed to be less than 7 pA
√
Hz.

3.9 Current Status and Deployment Plan

The site development preparation for the Simons Array is ongoing, with two

new telescopes installed in 2016. The full receiver with full seven sub-arrays assem-

bly is under testing and characterization in the laboratory at KEK in Japan. The

expected deployment date of the first Polarbear-2 receiver is in early 2018. The

full three telescope the Simons Array is expected to be complete in 2019.
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Chapter 4

The Multichoric Lenslet Array

4.1 Introduction

Planar antennas are widely used in CMB applications because they can be

packed and integrated with planar detectors in two-dimensional arrays which do not

require a lot of space. However, integrated antennas on thick dielectric substrates

such as glass or silicon can experience power loss into substrate modes [37,58]. This

problem can be avoided by integrating antennas on a very thin dielectric substrate,

typically less than 0.04λ [59]. In the Polarbear experiment, the antennas are

fabricated on a dielectric substrate with thickness of less than 80 µm. This thickness

range is too thin for fabricate planar antennas on silicon wafers. Another way to

avoid this problem is by using a feed horn as a waveguide to the antenna. However,

the feed horn has limited bandwidth. The solution that the Polarbear and the

Simons Array use to solve these problems is by using a lenslet-couple antenna system.
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Adding the dielectric lenslet on the antenna will create a unidirectional pattern into

the lenslet’s side. By placing a high dielectric material such as silicon on the another

side of the antenna causes power to radiate more to the side which has a higher

dielectric constant. The ratio of radiated power varies from ε1/2 to ε3/2 depending on

the geometry of the antenna. From the Polarbear’s dual polarized slot antenna,

the ratio is ε3/2 : 1 which approximates to 40:1. The other advantages of the lenslet-

couple planar antenna system are the low cost of manufacture and applicability to

mass production and lower losses at high frequency [60].

Nevertheless, power loss still occurs at the interface between vacuum and

silicon lenslet at about 30% per surface [61]. According to the Fresnel equations,

the reflections at these boundaries are highly polarized. These reflections can cause

a loss in signal and create a systematic error which cause polarization leakage in a

precise polarized CMB measurement. An application of anti-reflective (AR) coatings

on the lenslet surface can minimize the reflection loss at the boundary surface.

In this chapter, we will start by reviewing the sinuous antenna which we use

in Polarbear-2. Later, we will focus more on the detail of the Polarbear-2’s

lenslet array and its AR coating.

4.2 The Sinuous Antenna

Before we discuss the anti-reflection, let me briefly review the antenna design

that is used in the Polarbear-2 and the Simons Array . Since the dual slot antenna

design in the Polarbear has a bandwidth limitation, it is not suitable to be used
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with a multichroic detector which requires broadband antennas. There are several

planar antennas that are broadband such as, the bow-tie shape, the spiral antenna,

the log-periodic tooth antenna and the sinuous antenna.

A sinuous antenna is a broadband log-periodic antenna which was invented

and patented by DuHamel in 1987 [54]. The equation that describes sinusoidal curve

of the pattern in a sinuous antenna in polar coordinate is,

φ(r) = (−1)pαp sin

[
π

ln(r/Rp)

ln τp

]
± δp (4.1)

where (φ, r) is the polar coordiate; p is a cell number in integer (p=1,2,3,...), αp is

the angular amplitude of sinusoidal curve, Rp is inner radius of pth cell, τp ≥ 1 is a

logarithmic expansion factor and δp is angular width of each arm. A cell is a half-

wavelength switchback of sinusoidal arm. And the inner radius of sinuous antenna

expands as Rp+1 = τRp.

One drawback of a sinuous antenna is that it has polarization wobble; an

oscillation of the polarization axis as a function of frequency. The sinuous antenna

suffers to this effect less compares to other planar log-periodic antennas. It wobble

around ±5◦ with τ = 1.4 [40] resulting in a band-average cross-polarization leakage

around 0.4% at 95 GHz and 0.5% at 150 GHz. In the Polarbear-2, we use a mirror

image of the sinuous antenna to canceling the wobbling effects [62].
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Figure 4.1: Left: the single cell seed structure of a sinuous antenna. Right A
basic 4-arm sinuous antenna. This antenna has 16 cells with α = 45◦ , δ = 22.5◦,
τ = 1.3 and R1=24 µm
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Figure 4.2: The lenslet-coupled antenna diagram. Left: the lenslet without
the spacer. It has no focusing power to a feed antenna at its center. Right:
from the light travels through the lenslet (blue semi-circle) and the extension
length or the spacer (red rectangle) then focuses onto the feed antenna. The
coating has been omitted for simplicity.
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Figure 4.3: E and H field at surface boundary.

4.3 The Anti-Reflection Coatings

Anti-reflective (AR) coating can be used for eliminating unwanted reflection

for the surface. To understand the theory of multilayer of AR coating, we start

with the mathematic treatment of the electric field and the magnetic field of the

electromagnetic wave (EM wave) at the boundary surface using the Fresnel equation.

Consider the linear polarized EM wave showed in Figure 4.3 incidents on a

dielectric medium. At the boundary I, we can write the electric (E) and magnetic

(H=B/µ) field as,

EI = EiI + ErI = EtI + ErII

HI =

√
ε0
µ0

(EiI − ErI)n0 cos θiI

=

√
ε0
µ0

(EiI − ErII)n0 cos θiII.

(4.2)

63



And at the boundary II,

EII = EiII + ErII = EtII

HI =

√
ε0
µ0

(EiII − ErII)n1 cos θiII

=

√
ε0
µ0

EtIIns cos θtII.

(4.3)

The phase of the EM wave that transverses the dielectric substrate shifts by k0(2n1d cos θiII)/2,

which will be rewritten as k0h,

EiII = EtIe
−k0h

ErII = ErIIe
+k0h.

(4.4)

Substituting (4.4) back to (4.2) and 4.3, we can rewrite E and H field in matrix

notation as, 

EI

HI


 =




cos k0h (i sin k0h)/Υ1

Υ1i sin k0h cos k0h






EII

HII


 (4.5)

or 

EI

HI


 =MI



EII

HII


 (4.6)

where

Υ1 ≡
√
ε0
µ0

n1 cos θiII (4.7)

The characteristic matrix M is dependent on the boundary of the surface.

64



Hence in the general expression for multiple layers can be written as,



EI

HI


 =MIMIIMIII . . .Mp



E(p+1)

H(p+1)




=M



Ep+1

Hp+1




(4.8)

Consider the normal incidence case,

θiI = θiII = θtII ≡ 0. (4.9)

Reformulate (4.6) using (4.2) and (4.3), the reflection coefficient for a single layer

can be written as,

r1 =
n1(n0 − ns) cos k0h+ i(n0ns − n2

1) sin k0h

n1(n0 + ns) cos k0h+ i(n0ns + n2
1) sin k0h

. (4.10)

Multiplying r1 with its complex conjugate, we find the special case where the re-

flectance R1 can be minimized when k0h = 1
2
π . In this case, the optical thickness h

is equal to the odd muliple of quarter of wavelength or d = 1
4n1
λ0.

R1 =
(n0ns − n2

1)2

(n0ns + n2
1)2

(4.11)

which will equal to zero when,

n2
1 = n0ns. (4.12)
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Comparing to the case without the AR coating, the reflectance at the surface

boundary is,

R =
(ns − 1)2

(ns + 1)2
. (4.13)

In case of silicon substrate (dielectric constant, ε = 11.8) the reflectance is

about 30%. This show a crucial role that AR coating has especially when the optical

elements are composed of high dielectric constant materials.

The flat geometry is good approximate at the zenith point of the lenslets

where the light incident in the normal to the curved surface. With the optical path

length increases as a function of the angle on the hemisphere, a thicker layer of

coating is needed as we move further away from the boresight. The study by Roger

O’ Brient in 2010 shown that the deviation of the optimal coating thickness is varied

by less than 25 µu from the nominal coating thickness in the flat geometry [63]. This

deviation is close to the limit of machining tolerances. In Polarbear , we decided

to neglect this effect in our AR coating.

4.3.1 Coating Material

Many factors need to be considered in choosing the material for AR coating for

the Polarbear and the Simons Array . First, the coating must match the optimal

index of reflection. It must also be feasible to fabricate to the right thickness and

capable of being applied on curved surfaces. Second, due to the entire focal plane

is needed to cool down to the sub-Kelvin stage, the AR coating must survive in

cryogenic environments. Third, with the Simons Array is planned to be deployed

with 1897 pixels per receiver, the material should be able to be fabricated for mass
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Figure 4.4: Drawing of douple-quarter coating, The reflection has been omitted
for simplicity.

production in the order of kilo-pixels at an economical cost.

Thermoforming of polyetherimide (PEI) is chosen as the AR coating method

for the Polarbear . The optical index of PEI is n = 1.7, measured at 1.2 Kelvin

with thickness of 0.011" optimized for Polarbear’s operating frequency of 150

GHz [64]. In the case of the Polarbear-2, we have to rethink the optimal fabri-

cation process of the AR coating since the observing frequency was expanded from

150 GHz to 95 and 150 GHz. To obtain a broadband coating, two layers of dielectric

materials are used. The perfect matching layers for the silicon in the Polarbear-2

are the dielectric constant of 2 and 5 with a quarter wavelength thickness at the

center frequency of 120 GHz of 0.44 mm and 0.28 mm, respectively. The simulated

transmittance from the two layers AR coating shown in Figure 4.5 is calculated from

a characteristic matrix described in (4.8). The purple and the green boxes represent

the observing frequencies of Polarbear-2.

With high curved surfaces like the lenslets and two layers coating to cover two
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Figure 4.5: The simulated transmittance spectrum from two layers AR coat-
ing optimized for the Polarbear-2. The solid red line shows the trans-
mittance spectrum. The purple box shows the expected observing band of
the Polarbear-2 at 95 GHz. The green box is the observing band of the
Polarbear-2 at 150 GHz

frequencies bands, casting method is used for apply the AR coating of the lenslet

in our Polarbear-2. We found two epoxies with a dielectric constant matched

specifications, Stycast1090 and Stycast2850FT1. In the millimeter wavelength range,

Stycast1090 has a dielectric constant of 2.05 and Stycast2850FT has a dielectric

constant of 4.95 [65]. With precisely machined mold, we can fabricate the proper

thickness for AR-coating layers economically and at a large scale.

4.3.2 Transmission Spectrum Testing

We prepared the AR coating sample by coating it on both sides of a cylin-

drical 99.5% purity alumina sample which has a dielectric constant of 9.6, 51 mm in

diameter, and 6.35 mm thick. We used the Michelson Fourier transform spectrometer
1Both epoxies are the commercial product from Henkel Corporation, One Henkel Way, Rocky

Hill, CT 06067 USA.
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Figure 4.6: Transmittance spectrum of two-layers AR-coated alumina mea-
sured at 300 K (solid black) and at 140 K (dashed red). The theoretical curve
at 300 K is shown in dash-dotted blue and measured transmittance of uncoated
alumina is shown in dotted magenta. This figure is taken from [65]

(FTS) to perform the transmission spectrum test at room temperature and at 140 K.

Shown in Figure 4.6 is the result from room-temperature which agrees well with the

theoretical model. It also showed that the coated sample has high transmittance over

a wide band compared to the uncoated sample which has high Fabry-Perot fringes

due to high reflection. Moreover, the absorption loss of the cooled coated sample

reduced from 15% to less than 1%. Typically the CMB experiments, includeing the

Polarbear and the Simons Array, operate in the sub-Kelvin range.

4.4 Pixel Size

In order to retain compatibility with Polarbear, the pixel to pixel distance

is kept same as the Polarbear . However, with a thicker AR coating, we have

to shrink a pixel diameter from 6.35 mm to 5.345 mm. Research has shown that

the minimum radius of a small lens should not exceed the wavelength in free space
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(λ0) [66]. At 95 GHz band, the lowest frequency is at 80 GHz, λ0=3.747 mm.

Compared with the Polarbear-2 pixel, including the AR coating, r=3.393 mm.

Hence, the pixel size of the Polarbear-2 is at the minimum of observing at 95

GHz band.

4.5 The Extension Length

Elliptical lenses would be an ideal shape for the lenslet because of their ability

to couple to the Gaussian beam with a planar wave. However, true elliptical lenses

are difficult to machine in quantity. In a high dielectric constant material, the hemi-

spherical lens with the extended spacer is a very close approximation to an elliptical

lens shape [59].

The extension length plays a crucial role in the lenslet-coupled antenna sys-

tem. Without the extension length, the lenslet will lose its focusing power because

the incidence ray will always be perpendicular to the tangent plane of the hemisphere

surface. Adding the spacer between the lenslet and antenna, will help change the

angle of the ray with respect to the hemisphere boundary as shown in Figure 4.2.

The length of the spacer can affect to the coupling power of a Gaussian beam

and its directivity. While research into the optimal extension length of the lenslet-

coupled system was done by Edwards et al. [40], we have to re-calculate the optimal

length for our experiment because the lenslets are coated with two layers of AR

coating. Ray tracing analysis and ANSYS HFSS2 simulation were used to optimize
2ANSYS HFSS is a commercial software for simulating 3-D full-wave EM fields, made by ANSYS,

Inc.
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the spacer’s length.

4.5.1 Ray Tracing Analysis

The ray tracing analysis is a widely used technique for design of optical ele-

ments for microwave frequency applications [67,68]. As example of the ray tracing is

shown in Figure 4.2. This method is used to optimize the spacer’s length by calculat-

ing the integrated angle, the weighted average of the deviated angle of the ray from

the vertical, where the weight is a Gaussian weighted with the width approximately

equal to the Gaussian beam of the Polarbear-2. The result is shown in Figure 4.7.

We found that the integrated angle is close to zero when the ratio of length of spacer

to radius of lenslet (L/R) ≈ 0.46. The ray tracing for the L/R = 0.46 is shown in

Figure 4.8. At the optimal length of the spacer, the optical rays from the center feed

antenna are mostly parallel to the vertical.

4.5.2 HFSS Simulation

We validated the result from the ray tracing analysis with the HFSS simula-

tion. A full model of the Polarbear-2 pixel was created and analyzed. Results in

Figure 4.10 and 4.11, indicate that the spacer with the extension length L/R = 0.46

offered a highest directivity at 95 GHz and L/R = 0.44 at 150 GHz. These results

are consistent with the result from the ray tracing method. The extension length

L/R was chosen for Polarbear-2.
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Figure 4.7: Plot of the integrated angle versus the extension length. The
optimal length is around L/R=0.46 where the integrated angle is close to zero.

Figure 4.8: The ray tracing analysis result from the L/R = 0.46 model. Each
solid line represents the ray trace from the center of the antenna. Most of the
rays are parallel to the vertical line which results in the integrated angle closed
to zero.
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Figure 4.9: CAD drawing of HFSS simulation model. On the top, a silicon
lenslet with a dielectric constant of 11.7 and diameter of 5.345 mm is coated with
two layers of AR coating with a dielectric constant of two and five respectively.
The cylinder extension under the lenslet represents the spacer. This simulation
uses the spacer’s length of 1.229 mm (L/R =0.46). The 16-cell sinuous antenna
is under the spacer.
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Figure 4.10: The directivity of E-plane radiation for various of L/R ratio of 95
GHz (left) and 150 GHz (right).
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Figure 4.11: The integrated directivity plot versus L/R for 95 GHz (left) and
150 GHz (Right)

Table 4.1: Multichoric lenslet array parameters

Description Value
Number of pixels in a wafer 271
Number of pixels in a focal plane 1,897
Lenslets’s diameter 5.345 mm
The spacer’s length L/R=0.46, 1.229 mm
Pixel to pixel space 6.789 mm
The first layer coating thickness 0.279 mm
The second layer coating thickness 0.442 mm
Dielectric constant of Sytcast 2850FT 5
Dielectric constant of Sytcast 1090 2
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Table 4.2: Summary of the lenslet’s specification

Description Value
Diameter 5.345 ± 0.010 mm
Height 2.673 ± 0.005 mm
Resistivity > 1000 Ω·cm

4.6 Lenslet

The lenslets were purchased from Miyoshi Co. Ltd.3. The specification of

the lenslet is showed in Table ??. We randomly selected lenslets from each batch

to measure their heights using a micrometer and their diameters using an optical

comparator. The cylindrical silicon samples which were fabricated from the same

bulk silicon with each batch of lenslets were cool down to 4 K to test the transmission

spectrum using Fourier transform spectroscopy.

4.7 The Prototype Molds

One of the advantages of using epoxy-based casting method for fabricating an

AR coating is that it allows us to precisely control the proper thickness of the AR-

coating layers. The CNC-lathe was used to machine the prototype molds for each

layer. Figure 4.12 shows one of the prototype molds that we used for fabricating

AR coatings. To form a layer of thickness tlayer the hemispherical cavity is designed

to have a radius of R = Rlenslet + tlayer. The lenslets sits on the seat on the cap

side of the mold which is made from brass. The sleeve of the mold helps guide the
3http://park15.wakwak.com/ miyoshi/company.html
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Silicon lenslet

Adhesion promotor

Ease release agent

Epoxy
Mold

Figure 4.12: The prototype mold. Left: photograph of a prototype mold.
Right: A diagram showing the operation of the prototype mold. First, the ease
release agent is applied to prevent Stycast sticking to the mold. The lenslet is
in the pocket in the cap and an adhesion promoter is applied. Stycast is then
dispensed into the mold. Finally, the cap and the mold are assembled.

position of the lenslet to the hemisphere cavity on the aluminum mold part. Brass

was used for the cap because its weight helps squeeze Stycast and keep the lenslet

in the correct position. The prototype molds were made in the Campus Research

Machine Shop in UC San Diego.

Inspection Process

With the casting method, any imperfection include any dent in the mold

cavity will be reflected on the coating surface. As a result we have to ensure that the

surface of the mold cavity is polished. Since the requirement of the tolerance of the

AR coating is tight, we have to ensure the geometry of the AR coatings we produced

are within the specification. Three parameters were used to determine the quality

of the mold, the roughness of the coating surface, the radius of the coating and the
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(A) ideal case (B) vertical mold offset (C) horizontal mold offset

Figure 4.13: A cartoon drawing of molding defects. A: ideal case, the coating
and the lenslet are perfectly aligned. B: misalignment of the hemisphere and
mold cavity in the vertical direction and C in the horizontal direction. These
misalignments cause error in the layer thickness which can lead to a pointing
off-set error.

alignment between the center of the coating and the center of the lenslet.

After we coated the lenslet from the prototype mold, it was inspected under

the microscope. The images of the lenslets were taken at every 20 degree angles to

180 degree. We used the Matlab script to find the edge of the AR coating and fitted

it to the circle. The vertical mold offset and the horizontal mold offset are evaluated

from the shift of the coating’s center and the lenslet’s center. Figure 4.13 shows

how to mold offset affect the thickness of the coated layer. Figure 4.14 shows the

example photograph that we took during the mold inspection process, the thick red

line shows the area where the script can detect the edge of the coating, the thin red

line shows a fitted circle of the coating, the thick blue line shows the area where the

script can detect the lenslet and the thin white line shows the fitted to circle of the

lenslet.
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PB22700deg.bmp

Figure 4.14: Photograph of the coated lenslet for mold inspection. The thick
red line on the top of the coated lenslet shows the area that the script detect the
edge of the coating in the photograph. The thin red circle line shows the fitted
circle of the coating and the red dot at the center shows the center of the fitted
circle. The thick blue line shows the region of the edge of the lenslet that the
script detected. The white thin circle shows the fitted circle of the lenslet and
the white dot at the center shows the center of the fitted circle. The thick yellow
line shows the region of the lenslet’s base and the blue horizontal line shows the
fit of the thick yellow line to a straight line.
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Figure 4.15: A plot of the measured coated thickness from the mold inspection
process (red) compared with fitted model (blue).
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4.8 Seating Wafer

The seating wafer plays two essential roles in the lenslet-coupled antenna

system. First, it helps with the alignment of the lenslet and the sinuous antenna.

Second, it acts as the spacer for a lenslet-coupled antenna. We designed the seating

pocket to have radii oversized by 20 µm. This allows the various size lenslets to sit

entirely inside the pocket seat. The tolerance of the pocket seat is less than λ/100

in free space and less than λ/30 in silicon. The systematic effect caused by the

misalignment of lenslets to the center of the antenna should be minimized at this

level.

Since the optimal length of a spacer is 1.229 mm and the thickness of the

device wafer is 0.675 mm, the additional length requires from the seating wafer is

0.554 mm. To have a uniform spacer length, we used a silicon on insulator (SOI)

wafer. The SOI wafer composed of three layers; a silicon device layer, silicon dioxide

layer, and a silicon handdle layer. The thickness of each layer can be customized

with high precision. We ordered 150 mm diameter SOI wafers from Ultrasil4 with

a device thickness of 555 ± 5 µm, the silicon oxide layer thickness of 2 µm and the

handle wafer thickness of 120 ± 5 µm with both sides polished.

The seating wafers were fabricated in Nano35 facility at Calit2, UC San Diego.

The photomasks used were ordered from Photo Sciences, Inc6. We used UV lithog-

raphy to create a seating pattern on the SOI wafer. The negative photoresist was

used to prevent dust in the seating pocket pattern which can cause local spot that
4Ultrasil Corporation, 3527 Breakwater Ave. Hayward, CA 94545 http://www.ultrasil.com/
5http://nano3.calit2.net
6https://dev.photo-sciences.com/
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remain unetched in the pocket surface. These spots would create the gap between

the lenslets and a seating wafer. NR5-8000 photoresist was chosen because it offers

good uniformity of the film across 150 mm wafer. The photoresist is spun onto the

wafer at 3000 RPM for 40 seconds, resulting in a thickness of approximately 7.5

µm. The wafers are proximity exposed in EVG620 mask aligner and developed in

the resist developer RD6 for two minutes, rinsed and dried with the deionized water,

then blown dry with the nitrogen gas. The wafers are then oxygen plasma etched

at 250 Watts for two minutes to clean the residual photoresist from the surface of

the seating pocket. We used an Advance Silicon Etch (ASE) technique to etch the

silicon handle layer. ASE would allow us to do deep Silicon trench etching with

highly selective ratio. The ASE process consists of alternative cycles of etching using

a deep reactive ion etch (DRIE, also known as Bosch) where an RF source accelerates

ion directionally the silicon surface with SF6 and protective deposition with C4F8.

The deposition cycle with C4F8 is used to protect the sidewalls from being etched

by SF6. We performed ASE process on Oxford Plasmalab 100 RIE/ICP machine.

According to the manual, the selective ratio between silicon and silicon dioxide from

this process is 100:1, which allows us to use a silicon dioxide layer to stop etching into

the device side. To prevent over-etching, we used Dektak 150 surface profiler to do

depth measurement and determined when we have to stop the dry etching process.

After etching, the photoresist is removed using a photoresist removal Futurrex RR41

for five minutes. The wafer is then placed in ultrasonic bath for five minutes. After

that, we removed the silicon dioxide using a wet etch process. The wet etchant used

in this process is the buffered oxide etch (BOE) which comprises a 6:1 volume ratio
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of 40% ammonium fluoride (NH4F) to 49% hydrofluoric acid (HF) in water. Since

the wet etch process is an isotropic process, the etching rate and time are crucial

to prevent over-etching. The color of the oxide layer can be used to estimate the

thickness of the oxide layer. We use this color to determine the etch time. To verify

the cleanliness of the wafer, the wet test is used. Since an silion dioxide is hydrophilic

and a silicon is hydrophobic, the water drop test can be use to verify the cleanliness

of the wafer. The detail of the fabrication process flow is shown in table 4.3.

The inspection of the seating wafer was performed using the Phillips XL30

ESEM Scanning Electron Microscope (SEM). We checked the sidewall profile and

the gap between lenslet and pocket floor. The gap underneath the lenslet can create

an optical cavity and cause tilted lenslets which lead to an elliptical beam shape.

This process gave us feedback to modify the dry etching recipe to adjust the seating

pocket profile. The micrographs of the seating wafer in Figure 4.17 shows that the

gap underneath lenslet is less than 5 µm.

We used Toho Technology FLX-2320 Thin Film Stress Measurement System

to determine the curvature change in the wafer after etching and after populated

lenslets (we will discuss populated lenslets process later in Section 4.11). The average

curvature of the seating wafer is less than 10 µm.

4.9 Simulation

A Polarbear-2 lenslet-coupled to a sinuous antenna was modeled and sim-

ulated in HFSS. In this analysis, we used a spacer with the length of L/R=0.46 as
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Table 4.3: Fabrication process

Process Description Material/Equipment Recipe/Parameters
1 Wafer parameters 150 mm SOI <100> P-Type

Handle Thickness 120 ± 1 µm
Device thickness 555 ± 5 µm

2 Photoresist Spin Coating Spinner-3 Spin Futurrex NR5-8000
3000 rpm: 40 s
film thickness ≈ 7500 nm
Soft bake: 150◦ C, 1min

3 Photolithography Mask Aligner EVG-620 Manual Flood mode,
Hard contact for 12 s
Post bake: 100◦ C
Develop in RD-6 2 mins

4 O2 plasma descum Plasma Etch PE100 O2 Plasma 250 W 5 sccm
for 2 mins

5 Silicon Etch Oxford P-100 B2 Process,
requires pre-condition the chamber
Helium backing level 4.5
passivation time 5 s
cycles depending on the machine
condition,
normally ≈ 230 cycles

6 Depth Verification Dektak 150 the expected depth ≈ 120 µm
7 PR removal Solvent/wet station Futurrex RR41 for 5 mins

and acetone in ultrasonic
bath for 5 mins

8 O2 plasma descum Plasma Etch PE100 O2 Plasma 250 W 5 sccm
for 2 mins

9 Silicon oxide removal Acid/ wet station BOE solution for ≈ 20 mins
10 Bow measurement Toho Technology

FLX-2320
11 Dicing wafer Disco Automatic

Dicing Saw 3220
12 Sidewall inspection SEM Inspect the sidewall

FEI Quata FEG 250 of the seating pocket
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Silicon

Silicon
SiO2

Photoresist Dry etching Wet etching with BOE

Figure 4.16: A cross-section of seating wafer fabrication process. Left: the
photoresist mask on the SOI wafer. Middle: the dry etching process. The
etching process stops when the etching trench reaches the silicon dioxide layer.
Right: the wet etches process with BOE solution to clean up the silicon dioxide
layer.

Lenslet

seating wafer

Figure 4.17: SEM Micrographs of the seating wafer. Left: shows the micro-
graph of the seating pocket. Right: shows the micrograph of lenslet sits inside
the seating pocket, labels are shown in the figure. The gap between lenslet and
the pocket surface is less than 5 µm.
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Figure 4.18: A seating wafer photograph. Left: A seating wafer before the
oxide layer is removed. Right: A finished seating wafer.

mentioned earlier. The lenslet was not fully coated with AR-coating all the way down

to the spacer as the previous simulation because of our mold design. The 1 mm gap

between an AR coating and the spacer was created. We ran the HFSS simulation

with a frequency sweep from 70 GHz to 120 GHz with 2 GHz spacing for the 95 GHz

band and from 120 GHz to 170 GHz with 2 GHz spacing for the 150 GHz band.

The beam profiles from each frequency were integrated using design Polarbear-2

frequency bands.

The polarization wobble effect is shown in Figure 4.20. This result is agreed

well with a previous study from Edwards et al. [40]. We also studied the cross-

polarization and co-polarization radiation pattern from the Polarbear-2 detector.

The third Ludwig definition was used to defined cross-polarization [69]. The radiation

patterns are shown in Figure 4.19.

To calculate the ellipticity, we fitted the integrated beam to 2D Gaussian
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functions,

f(x, y) = A exp

(
−
(

(x− x0)2

2σ2
x

+
(y − y0)2

2σ2
y

))
(4.14)

using a least-squares nonlinear curve-fitting method and the beam ellipticity from

elliptical parameters. The beam ellipticity is defined as,

ε =
a− b
a+ b

(4.15)

where a and b are the major axes and minor axes of the ellipse. We found that

the individual beam profile for each frequency shows a high ellipticity and its major

axis wobbles depending on the frequency. Once we averaged the beam across the

frequency band, this effect is canceling out. The beam size is calculated from the full

width at half maximum (FWHM) using the relationship between FWHM and σ as,

FWHM = 2
√

2 ln 2σ. (4.16)

4.10 Testing

We tested a prototype of PB-2 detector with AR coating lens in an IR Lab

cryostat. For infrared filters, we used two layers of 0.3175 cm thickness expanded

Teflon and a metal mesh low pass filter with 18 cm−1 cut-off mounted to the 77 K

shield. Two metal mesh low pass filters with cutoffs at 14 cm−1 and 12 cm−1 were

mounted to the 4 K shield. We placed 14 two-layer AR coated lenslet on the seating

wafer. Then we used an invar clip to attach the detector wafer to the back side of the

86



0�

45�

90�

135�

180�

225�

270�

315�

�12

�8

�4

0 150 GHz
95 GHz

0�

45�

90�

135�

180�

225�

270�

315�

�12

�8

�4

0 150 GHz
95 GHz

Figure 4.19: The electric field radiation pattern from 95 GHz and 150 GHz
bands. Left: the cross-polarization pattern from 95 GHz band (green) and 150
GHz band (blue).Right: the co-polarization pattern from 95 GHz band (green)
and 150 GHz band (blue). All units are in dB. We used Ludwig’s third definition
to define co-polarization and cross-polarization [69].
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Figure 4.20: The polarization wobble effect simulation for the Polarbear-2
detector.
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seating wafer. The detector wafer was cooled to 4 K using liquid Helium then cooled

to 0.8 K using a 3He absorption fridge. Commercial DC SQUIDs from Quantum

Design Inc.7 were used to read-out the output current from the bolometer. The

photograph of the miliKelvin stage setup in IR lab dewar is shown in Figure 4.21.

4.10.1 Test Setup

We conducted a series of tests to characterize the performance of the AR

coating lenslets with the Polarbear-2 sinuous antenna. To ensure that the coated

lenslet perform as expected from the simulation and that it will survive through the

cryogenic environment. Four tests were conducted; The Fourier transform spectrom-

eter test, the beam map test, the polarization test and the efficiency test.

Fourier Transform Spectrometer (FTS)

The FTS test was performed to ensure that the AR coating does not degrade

the frequency bands. The FTS used was the Michelson interferometer with chopped

temperatures between 800 K and 300 K Eccosorb. The thermal source used was a

MS-1000 micro ceramic heater from Sakaguchi Dennetsu. The beam splitter was a

0.010 inch sheet of mylar. We used the Polarbear UHMWPE collimating lens to

focus the output from the FTS.
7https://www.qdusa.com/
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Figure 4.21: A photograph of the miliKelvin stage setup in IR lab dewar used
for testing. We used 14 AR coated lenslets on the seating wafer. The copper can
with Eccsorb was placed inside on the backside of the detector to terminate the
backside lobe. The 3He fridge on the left of the dewar was connected directly
to wafer holder clip. The DC SQUID from Quantum Design Inc on front side of
the dewar was used for readout of the current from TES bolometers.

89



Beam Mapping

The beam maps were produced by raster scanning 6.35 by 6.35 cm. with a

step size of 0.3175 cm with a 1.27 cm diameter. The thermal source is modulated

between room temperature Eccosorb8 and source’s temperature. The modulated

thermal source is placed 25 cm away from the detector. The thermal sources that

we used were a MS-1000 micro ceremic heater, liquid nitrogen and the 90 mm2

T-SHTS/4 ceramic heater source from Elstein-Werk M. Steinmetz GmbH & Co9.

Polarization

The wire grid polarizer was placed above the beam mapper discussed in Sec-

tion 4.10.1. The wire grid was made of Tungsten wire with a diameter of 25 µm and

had a spacing between wires of 100 µm. A stepper motor was used to increment the

rotation angle of the wire grid.

Efficiency

The beam filling method was used to measure the efficiency of the detector.

We filled the antenna beam with liquid nitrogen soaked-Eccosorb and room tem-

perature Eccosorb then calculated the power that the detector receiver from liquid

nitrogen and room temperature. In the ideal case for single mode antenna detector,

the power difference from two different temperature sources is kB∆T∆ν where kB

is Boltzmann constant, ∆T is the temperature difference between two sources which

is 223 K. ∆ν is the fractional bandwidth which was calculated from the intergrated
8http://www.eccosorb.com/
9http://www.elstein.com/
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bandwidth of the peak normalized spectrum measured with the FTS. The efficiency

of the detector includes a loss from dewar is,

η =
∆Poptical
kB∆T∆ν

. (4.17)

4.10.2 Results

The results of the measurement shown here was from the prototype of the

Polarbear-2 detector made with the IR-Lab cryostat. Improvements need to be

made before the deployment of Polarbear-2.

Fourier Transform Spectrometer

These interferograms were apodized with a triangle window function before

the Fourier transform. The spectra were then divided by the analytical beam splitter

function to remove the effect from the beam splitter and normalized to calculate the

fractional bandwidth (∆ν) for the efficiency measurement. The result was shown in

Figure 4.22 plots with the atmospheric window at PWV=1mm and an elevation of

60 degrees. This shows that the center of band frequencies are within our target and

the AR coating do not degrade the performance of the detector.

Beam Map

First the beammapper was raster scanned with the ceramic heater source.

During this test we found an irregular feature in the beam profile of the 95 GHz

pixel that was caused from the non-uniform distribution of temperature in the MS-
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1000 micro ceremic heater source. We solved the problem by using the liquid nitrogen

as the thermal source. The beam map results are shown in Figure 4.23. The results

were compared with simulation results as mentioned previously in Section 4.9. The

beam maps were fitted to a 2D Gaussian function as same as the method that we

used in the simulation result. The full width at half maximum of the measured beam

maps agrees with HFSS simulations to within 7%. The ellipticities were calculated

from

ε =
|σa − σb|
σa + σb

(4.18)

and are 2.07% at 95 GHz and 1.93% at 150 GHz.

Polarization Measurement

The polarization results are shown in Figure 4.24 and 4.25. All data were

fitted to sine functions then the cross-pol and co-pol level were calculated. The

results of cross-pol are shown in Table 4.4. From this test, the cross-pol level of 150

GHz pixel is around 2% of which 1% was contributed by the reflection of the wire

grid and another 1% is from the polarization wobble discussed in Section 4.2. In the

95 GHz pixel, an unusual high cross-pol level was found around 5%. Later optical

testing of a 95 GHz dark bolometer which is the bolometer that is not connected to

an antenna were conducted. The response from the dark bolometer was found. This

is the evidence that we can direct stimulate 95 GHz bolometer which can contribute

to the high cross-pol level that we saw during the polarization testing.

92



60 80 100 120 140 160 180 200 220
frequency (GHz)

0

0.2

0.4

0.6

0.8

1

no
rm

al
iz

at
io

n

150T
95B
95T
150B

Figure 4.22: The spectra from 95 GHz and 150 GHz pixels, T and B denote
theTop and Bottom bolometer. The dashed black line is the atmospheric win-
dows from PWV=1mm and an elevation of 60 degree. This shows that the AR
coating did not degrade the performance of the Polarbear-2 detector.

Efficiency Testing

The fractional bandwidth from FTS measurement was calculated. For 95GHz

∆ν = 2.2× 1010 GHz and 150 GHz is 2.81× 1010 GHz. The different optical power

of the detectors from two different thermal sources are 24.11 pW for 95 GHz pixel

and 28.55 pW for 150 GHz. The efficiency of the detector including loss from the

cryostat calculated from (4.17), are 35.6% for 95 GHz and 33% for 150 GHz.
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Figure 4.23: Beam maps results compared between HFSS and measurement.
Top Left 95 GHz band beam map result from HFSS simulation. Top Right 95
GHz band beam map measured. Bottom Left 150 GHz band beam map result
from HFSS simulation. Bottom Right 150 GHz band beam map measured.
The FWHM of measured beam maps agree with HFSS simulations to within
7%.

Table 4.4: The summary of the test results

Description 95 GHz 150 GHz
Ellipticity (%) 1.5 1.93
Fractional bandwidth ∆ν (GHz) 2.2×1010 2.81×1010

Efficiency (%) 35.6 32
Cross-pol (%) 5.1 2.3
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Figure 4.24: The polarization response of 150 GHz pixels.

0 50 100 150 200 250 300 350
Angle [Deg]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

N
or

m
al

iz
ed

 In
te

ns
ity

95T
95_150T
95B
95B

Figure 4.25: The polarization response of 150 GHz pixels.
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4.11 Mass-Production

After the AR-coating prototype is proven to meet the Polarbear-2 perfor-

mance criteria, we have to develop a mass-produced method to fabricate AR-coating

lenslets for the entire Polarbear-2 focal plane. The first two Polarbear-2 re-

ceivers are identical which means at least 3,800 pixels have to be made. The single-

mode type like is not suitable for creating coatings for kilo-order pixels. To do this

the array mold was designed in which has the ability to coat multiple lenslets. To

control the geometrical shape of the hemisphere cavity inside the mold, we switched

to use a custom ball-end mill instead of CNC-lathe as in the prototype mold. All

of the molds were machined at the Marine Physical Laboratory Research and De-

velopment Shop at Scripps Institution of Oceanography10. Four pins are used at

each corner of the mold to be a guide when the cap and the mold are assembled.

These pins are also designed to provide a tight fit, to make sure that lenslets will be

perfectly aligned with the hemisphere cavity in the mold. The grooves are created

next to the hemisphere cavity to relief excess Stycast from the hemisphere cavity.

To ensure that there was no gap between the mold and cap, we used two screws

to tighten down. This system with four guided pins will help control the transla-

tion error that can occur to meet our requirements. Each mold can fabricate up to

nine AR-coatings per layer, reducing the time that we have to spend for cleaning up

and preparation mold. A picture of the array mold is shown in Figure 4.26. Once

the first layer of coating has been applied to the lenslet, the procedure is repeated

with the mold designed for the second layer. After the coating process is completed,
10https://scripps.ucsd.edu/mpl/rd-machine-shop
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Figure 4.26: The array molds for mass-production

the coated lenslet will be populated on the seating wafer in the clean room. The

procedure is summarized in Table ??.

4.11.1 Populated AR coated lenslets process

The coated lenslets are seated in the pocket in a seating wafer. The lenslets

are mounted in position using a drop of Stycast 2850FT on six edges of the coated

lenslets. The bottom surface of the lenslets has to be cleared of any particulates.

The gap between the surface of lenslets and the surface of the seating wafer pocket

is less than 5 µm showed in Figure 4.17. The lenslets array is populated one rows at

a time. In order to avoid a disturb lenslet’s position while the epoxy is cured. The

first row placed in the center of the wafer. A drop of Stycast 2850FT around the

perimeter of the lenslets is used to attach AR coated lenslets to the wafer. The epoxy
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Table 4.5: Fabrication AR coating flow table

Process Description Detail
1 Cleaning the molds Using acetonitrile and methanol
2 Spraying the molds with ease release Using Ease release200 to prevent

Stycast adhering to the mold sur-
face

3 Seating the lenslets on the cap
4 Applying the adhestion promoter Using Chemlok AP-134 Primer,

Drying at 88 oC for 10 minutes
5 Deposit Stycast into mold cavity Using fluid dispenser Performus

VII
6 Assemblying the mold
7 Curing process curing temperature is 35 oC for 12

hours
8 Cleaning Measuring lenslets Using acetonitrile and methanol

for cleaning and using micrometer
for measuring coated lenslets

drops are applied by the Performus VII fluid dispensing machine from Nordson11.

The lenslets seating procedure is shown in Figure 4.27. A fully populated array is

shown in Figure 4.28.

4.11.2 Assembly Wafer Module

We assemble a device wafer and lenslet wafer using a holder clip made from

Invar, a nickel-iron single-phase alloy consisting of 36% of nickel and 64% of iron.

Invar is known for its low coefficient of thermal expansion (CTE) as shown in Fig-

ure 4.35. Because of its uniquely low CTE, it used with silicon. Since the accuracy

of alignment is necessary for the Polarbear-2, we created the alignment marks on
11http://www.nordson.com/en/divisions/efd/products/fluid-dispensing-systems/performus-

series-dispensers
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Figure 4.27: The procedure for populating AR coated lenslets on a seating
wafer starts from the center row (blue). Stycast is deposited in six dots (black
dots) around the coated lenslets glued to the seating wafer. After the Stycast
drops attached to the center row were cured, we placed the coated lenslets on
the next rows (green). The Stycast drops were then dispensed started from the
outside (brown dots) to prevent coated lenslets from slipping during populated
process. After coated lenslets were secured in the position, Stycast drops were
appliped on the inner side (red dots).
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Figure 4.28: A photograph of the full populated lenslets on the seating wafer.

both wafers to help us aligned between two wafers as shown in Figure 4.29C. The

halogen lamp is used to radiate Infrared (IR) light through the wafer. The IR light

can penetrate through silicon but not a niobium ground plane layer in device wafer.

The niobium layer was etched to create the alignment marks. Figure 4.29B showed a

photograph from an IR camera above the lenslet wafer. The faint line in the picture

is the alignment mark in the device wafer side overlay with the clear sharp rectangles

from the lenslet wafer. These alignment marks allows us to align a lenslet wafer and

a device wafer within 10 µm accuracy.
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Figure 4.29: The setup for alignment between device wafer and lenslet wafer.
A: the drawing of the setup, the lenslet wafer and the device wafer were at-
tached together using the invar clips. The halogen lamp was used to generate
Infrared light which can penetrate silicon wafers. B: IR photographs after the
alignment two wafers. Two sharp rectangles are the alignment marks on the
lenslet wafer and the blurry lines are the alignment marks on the device wafer.
C: the photograph of the setup in the Nanolab, at UC Berkeley.
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4.12 Beam Systematic Simulation

We used HFSS simulation to study the differenct scenarios of the AR coating

that effects the detector beam. These studies include the misalignment of the AR

coating to lenslet, the misalignment of the lenslet to the detector and the metal in

proximity to a detector.

4.12.1 The Problem of Metal in Proximity to Detector

This problem was found during the witness pixel testing on the prototype

Polarbear-2 detector where there was distortion in the beam map results. Later

we found that a problem was caused by the invar clip that was used in the assembly

of the lenslet wafer and the device wafer. This problem is unavoidable because the

invar alloy is a necessary component in the Polarbear-2 focal plane. Hence, we

have to study how close the invar can be to a detector.

The model of the partial invar clip with an AR coated lenslet was created in

HFSS simulation as shown in Figure 4.30. The neighboring AR coated lenslets were

not included in the model due to limit on the computational resource. For the 95

GHz pixel, we swept frequencies from 70 to 120 GHz with 5 GHz spacing, and 120 to

170 GHz with 5 GHz spacing for the 150 GHz pixel. The results from each frequency

were then integrated to create the integrated beam maps.

Figure 4.31 shows that the invar corner clip has no effect on polarization

wobble in the sinuous antenna. In the integrated beammaps showed in Figure 4.32,

the beam maps of the model with the invar clip showed a higher ellipticity when
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Figure 4.30: Metal in proximity a detector problem model setup. Left: HFSS
model setup. Right: CAD model of the early version of the invar clip.

comparing to the model without the invar clip. The differential beammaps which

was produced by subtracting the integrated beammaps from different polarization

showed the dipole effect as expected. With this result, we can manage this systematic

effect by a model with the differential pointing and ellipticity. This result also leads

us to change the invar design to minimize the effect of invar clip to the detector.

4.12.2 Lenslets-antenna misalignment

With lenslet coupled antennas technology, there is a possibility that lenslets

will not be aligned with their antennas. This misalignment can occur in each pixel, or

with the entire wafer. The a case of slippage of each individual pixel, can randomly

occur in any direction. The slippage of the whole wafer can be caused by how well

we clamped each wafer or by thermal contraction between the wafer holder and the

wafer. This scenario will be more likely to create systematic pointing error.

A HFSS model was used to simulate the effect on beam parameters due to
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Figure 4.31: The effects of the invar corner clip proximity to polarization
wobble. The polarization wobble is consistent with a model without the invar
clip.
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Figure 4.32: The 2D Beammap results from the HFSS simulation of the in-
var corner nearby the pixel. Top row; beam maps result from 95 GHz pixel.
Bottom row; beam maps result from 150 GHz.
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Figure 4.33: The differential beam maps from the invar corner clip simulation
from 95 GHz pixel (left) and 150 GHz pixel (right). The beam map results were
created using data from Figure 4.32.

misalignment of lenslet coupled antenna. After that, we used a ray tracing program

Zemax12 to estimate how much this contributed to the overall pointing error on the

sky. The result of the simulation is shown in Figure 4.34. As expected, the pointing

offset increases linearly with on the lenslet-antenna offset. This result will help us

in the future to understand systematic uncertainties effect when the Simons Array

starts observations.

4.13 Cryogenic Adhesion Property

Because the Polarbear-2 focal plane is cooled down to sub-Kelvin temper-

ature, its AR coating also needs to be able to survive in the cryogenic environment.

The primary cause of this failure comes from the thermal stress in the coating ma-

terial.
12https://www.zemax.com/
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Figure 4.34: The pointing offset error from misalignment between antenna and
AR coated lenslet.

4.13.1 Thermal Stress

Thermal stress is caused by the difference in the thermal expansion coefficient

of materials. The thermal contraction is a one of the primary concern for choosing the

material for coating the lenslet. Assuming negligible effect of pressure, the thermal

contraction can be expressed as,

dL

dT
= αL (4.19)

where dL/dT is the rate of change of that linear dimension per unit change in tem-

perature, L is the length and α is the coefficient of thermal expansion (CTE). In this

case, the boundary surface between silicon lenslets (αs) and the coating (αc),which
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has the same L0, will be shrink at the same rate.

∆L = L0∆T (αa − αc). (4.20)

and the stress can be calculated from

σ = Y∆T (αa − αc), (4.21)

where σ is the stress on the lenslets and Y is the Young’s modulus.

Figure 4.35 showed a large mismatch between the CTE of silicon and Sty-

cast 2850 FT at the temperature below 150 K which led to the thermal stress in

lenslets. This could cause delamination of the coating on the lenslets. Lau et al.

have demonstrated that the adhesion promoter Chemlok R© AP-134 Primer13 can pre-

vent delamination when cooling to cryogenic temperatures [61]. We implemented

this in the coating process and found the improvement in the number of the AR

coating lenslets that survived in a cryogenic environment. However, it cannot guar-

antee that none of AR coating lenslets will fail. As a result, we adopted a screening

method to help us find the potential failed coating lenslets.

The liquid Helium is used for the screening of the AR coating lenslets. Fig-

ure 4.36 showed the screening test setup. The AR coating lenslets have been packed

inside aluminum trays to ensure all lenslets are uniformly cooled down to below 10

K. We used G10 to create insulation between the mainstage in the cryostat and the

aluminum tray and copper wire as a heat link connection. This helps us to avoid a
13https://www.lord.com/products-and-solutions/chemlok-ap-134-primer
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Figure 4.35: Linear thermal expansivity of Stycast2850 FT and Invar(Fe-36Ni),
data are taken from [70–72]

rapid change in temperature which can cause the thermal shock in the AR coating

lenslets. All of the AR coating lenslets have been cycled three times to less than 10

K. Then the lenslets that survived were selected to populate the seating wafer.

4.14 Another coating technology

This section, we will review other AR coating technology which CMB exper-

iments used.

4.14.1 Plastic Sheet Coating

The plastic sheet coating method is used because it is commercially available

such as PEI in the Polarbear or Skybond in alumina lens in the Polarbear-2.
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Figure 4.36: AR coating lenslets screening setup.
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Figure 4.37: A photograph of the full assembly arrays for an integrated focal
plane testing. The picture shows all seven sub-array modules integrated with
the focal plane tower. The testing is underway in KEK, Japan (status of Feb
2018).
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Table 4.6: A table of the properties of Stycast2850FT and Stycast1090

Description Stycast2850FT Stycast1090
Specific Gravity 2.3 0.88
Viscosity (mixed) 5,600 cP 29,000 cP
Hardness 94 82
Tensile Strength 60MPa 32MPa
Compressive Modulus 80 MPa 25MPa
Thermal Conductivity 1.44 Wm−1 ◦C−1 0.167 Wm−1 ◦C−1

Electrical Resistivity(Volume) 5× 1012 Wm 10× 1012 Wm

Applying the plastic sheet on the lenses surface require a uniform adhesive layer. This

becomes a challenging especially for a highly curved lens like a lenslet. The common

method for applying the coating on high curvature surface is thermoforming the

plastic sheet into lens shape then uses the epoxy such as Stycast1266 to glue the

plastic sheet to a lens surface. The thermal contraction between lens material and

plastic sheets also the main issue since the plastic sheets usually have a high CTE

than silicon or alumina. The solution that mitigates this problem is dicing a stress

relief groove into the plastic layer.

4.14.2 Thermal Spray Coating

Thermal spray coating method is a coating technique that uses a plasma

jet to melt the base material and spray on to the surface. The material is then

cooled down immediately to create a coating layer without using any glue. The base

material is a low loss-tangent mixture of alumina and silica. The dielectric constant

of the coating material can be controlled by changing the mixing ratio of the hollow

alumina microspheres which vary the porosity of the material. Since the alumina-

112



silica coating has a low CTE that matches with alumina, it can mitigate the cryogenic

delamination problem [73]. This method has been used in the reimaging lens in the

Polarbear-2 receiver. For the highly curved lens like lenslet, this method has been

proven in the concept and plans to be use for the third Polarbear-2 receiver in

the Simons Array.

4.14.3 Metameterial Coating

The metamaterial coating method is a technique of cutting subwavelength

size structures into a surface of the refractive optical element. This method can

mitigate the cryogenic delamination because it cut directly into the surface of an

optical element. There are several ways to create the metamaterial coating, diced

silicon lens, deep dry etched silicon, machined plastic lens and laser ablated surface.

Diced Silicon Lens

This method is using a dicing saw blade to create a groove on the silicon

lens surface. The multi-layer coating can be fabricated by stepping cut deeper and

thinner grove into the lens. This technique has been demonstrated by ACTPOL and

the advACT [74]. This method is limited by the size of the single crystal silicon

available. It is also difficult to dice a highly curved surface lens.

Deep Dry Etched Silicon

This is an alternative solution for a diced silicon lens. Comparing to the

diced silicon lens method, the deep dry etched silicon can be done in a less time.
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This method uses the DRIE to etch silicon wafer. It has only been demonstrated

only on a flat 100 mm diameter silicon wafer [75]. The challenge for this method is

how to apply on the curved surface since it can etch only on silicon wafers.

Machined Plastic

This method uses a conventional CNC milling machine to create a grid of

sub-wavelength holes cut in the surface of plastic lenses. These holes are tunes for

the required frequency band and refractive index. This technology has been demon-

strated with SPT-3G windows. The advantage of this method is the convenience

however, it can be applied only to material that CNC milling can machine.

Laser Ablated Surface

For the material such as alumina or sapphire that is difficult to dice, dry etch

or machine, the laser ablation can be used for fabricating metamaterial AR coatings.

This technology has been demonstrated by Matsumura et al [76]. They used a 515

nm laser to produce the pyramid-shaped structure with a pitch of 320 µm and a total

height of near 800 µm. This method is still in the early stage of development and

has been performed only on the flat surface. Laser ablating over the whole surface

area is also a time-consuming process.

4.14.4 Metamaterial Lenslet Arrays

This is an alternative method for a broadband lenslet-couple antenna system.

The metamaterials are fabricated using a stack of silicon wafers, each patterned with
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Figure 4.38: A cartoon drawing of the cross section of the metamaterial. Left:
the cross section of the metamaterial from the step dicing. Right: the cross
section of the pyramid-shaped metamaterial.

a periodic array of subwavelength features to create a lenslet. This method can be

used for this is a gradient index (GRIN) lenslet. GRIN lenslets are produced by

varying etched holes in the silicon wafer radially to create lenslets patterns. These

etched holes pattern will act as the AR coating similar to a deep etched silicon method

which we previously discussed. This method has been introduced with a single-layer

etched GRIN as a candidate lenslet array for the MAKO instruments [77]. There is

also has a study using GRIN array for terahertz application from 0.3-1.6 THz [78].

This technology is still in the early stage of development, a lot more the studies need

to be done before it can be deployed in the future experiments such as the beam

profile and the polarization systematic.
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Chapter 5

The Future of CMB Experiments

5.1 Introduction

One of the biggest challenge in the cosmology is to find evidence for the infla-

tion theory. Countless experiments have been designed to detect the faint primordial

B-mode polarization signal, only to end up placed the upper limits. With rapid im-

provement to the the sensitivity of the experiments in the recent years, the B-mode

polarization at small angular scales was discovered.

In contrast with the lensing B-mode signal, the primordial B-mode from the

inflation is still unknown. The recent BICEP2 result of B-mode signal at large

angular scale turns out to be a contaminated signal from foreground dust. This

drives the next generation CMB experiments to extend their observing frequencies

to multiple bands in order to understand and measure the foreground contamination.

In this chapter, we will discuss the current status of the CMB B-mode mea-
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surement in 2017, review upcoming experiments and the future beyond the next

generation of CMB experiment.

5.2 Current status

As discussed in Chapter 1, there are many experiments that studies the CMB.

After COBE satellite, there are a number of experiments ranges from satellite-based,

balloon-borne and ground-based that aim to study the CMB such as WMAP, Planck,

MAXIMA, BLAST, BICEP, the Atacama Cosmology Telescope (ACT), the South

Pole Telescope (SPT), and the Polarbear. Currently, only B-modes from lensing

have been observed [32,34,35,79]. Figure 5.1 shows the current CMB B-mode power

spectrum result including the upper limits published by the experiments before 2014.

This serves as a cornerstone for the sensitivity of the measurement. The primordial

CMB B-Mode is still undetected. The current best upper limit on the primordial

signal and the tensor-to-scalar ratio r is set by the BICEP2 and Keck array exper-

iment at r < 0.09 at the 95% confidence level [80]. The limitation comes from the

emission of galactic dust in the millimeter wavelength. This shows the importance of

accurate foreground modeling in order to subtract the contamination from the CMB

data.

5.3 Future Outlook

Next generation of CMB experiment will measure the CMB polarization

and study the foreground contamination at multiple frequencies. AdvACT [30],
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CLASS [81], SPT3G [29], BICEP3 [82] and the Simons Array [28] are examples of

the experiments that will use this method. These experiments will have improvement

in detector count and array sensitivity compared to there predecessors. There will

also be improvement in bandwidth using multichroic pixels. These experiments are

expected to pursue the detection of primordial B-mode polarization and constrain

cosmological parameters such as r and a sum of the neutrinos masses and to better

the understanding of the physics of the universe.

5.3.1 The Simons Observatory

The Simons Observatory is a collaboration between the U.S. Department of

Energy’s Lawrence Berkeley National Laboratory, UC Berkeley, Princeton Univer-

sity, the University of California at San Diego and the University of Pennsylvania

and many more. The Simons Foundation has given $38.4 million to establish new

telescopes in the Atacama desert in Chile alongside the current experiment including

the Simons Array and the Atacama Cosmology Telescope (ACT). It will accelerate

the research of the further technology for developing a next-generation receiver to

pursue a detection of primordial B-mode. The experiment is currently in the early

design stage. The project will pave a way for future ground-based experiment CMB

Stage-4 experiment.

5.3.2 The CMB-S4 experiment

The “Stage-4” ground-based cosmic microwave background (CMB) experi-

ment, CMB-S4, is the proposed collaboration from the ground-based experiments
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with a goal of pushing the sensitivity limit from the ground. CMB-S4 consists of

telescopes operating from the south pole and the Atacama desert. It is targeted to

have detector count of ∼ 500,000 and sensitivity of σ(r) = 0.0005, σ(
∑

νmν) = 15

meV, and σ(Neff )=0.027. This will provide big leap forward for our understanding

the nature of the universe. CMB-S4 is slated to start after 2020 [83].

5.3.3 LiteBIRD

While sensitivity of ground-based experiments can be improved by increasing

the number of detectors, they are still limited by the atmospheric windows and the

lack of the ability to observe the entire sky. These limitations do not exist in space.

LiteBIRD is an international satellite proposal lead by JAXA to aim for probe the

inflationary paradigm from CMB polarization. LiteBIRD plans to observe the CMB

over the full sky at the second Lagrange point for three years. Their focal plane

will consist of detectors with operating from 40 to 402 GHz, divided to 15 different

bands. Its detector sensitivity is expected to reach σ(r) = 0.001. The current target

launch is 2024-2025 [84].
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Table 5.1: The parameter of Λ CDM cosmology from PlanckXIII 2015

Parameter Fit Description
Ωbh

2 0.02230± 0.00014 Baryon density parameter
Ωch

2 0.1188± 0.0010 Dark matter density parameter
100θMC 1.04093± 0.00030 A measure of the sound horizon at last scattering

τ 0.066± 0.012 Reionization optical depth
H0 67.74± 0.46 Hubble constant
ns 0.9667± 0.0040 Scalar spectral index
Ωm 0.3089± 0.0062 Matter density parameter
ΩΛ 0.6911± 0.0062 Dark energy density parameter
σ8 0.8159± 0.0086 Fluctuation amplitude at 8 h−1 Mpc
t0 13.799± 0.021× 109 years Age of the universe
w −1.019+0.075

−0.080 Equation of state of dark energy
r < 0.09 Tensor to scalar ratio
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