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Abstract

POLARBEAR-2 is a cosmic microwave background (CMB) polarization experiment that will be located
in the Atacama highland in Chile at an altitude of 5200 m. Its main science goal is to measure the
CMB B-mode polarization signal which is originating from primordial gravitational waves and weak
lensing. The POLARBEAR-2 experiment is designed to measure the tensor to scalar ratio, r, with
precision o(r) < 0.01, and the sum of neutrino masses, ¥m,,, with ¢(Xm,,) < 100 meV. To achieve these
goals, POLARBEAR-2 will employ 7588 transition-edge sensor bolometers at 95 GHz and 150 GHz,
which is cooled at 250 mK. In this thesis, I describe the thermal and optical design, development and
characterization of the POLARBEAR-2 system. The POLARBEAR-2 receiver system consists of the
detector section and cold optical section. The detector and the readout system are placed into the
detector section. The cold optical elements, such as lenses, infrared (IR) filters, cold aperture, and a
vacuum window, are mounted on the cold optical section. The cryogenic system employs the combination
of two pulse tube coolers and a sorption cooler. To reduce the thermal noise from the optical elements,
these are cooled at each thermal stage.

POLARBEAR-2 has a larger focal plane than any other CMB experiment so far deployed. The large
focal plane causes the large aberration. The large focal plane also receives a large thermal load of IR
radiation from the window.

We developed the optical system to solve these problems. We constructed the optical system with
high index of reflection material to reduce the aberration due to the large diameter. We used and
characterized alumina as the new candidate material for the optical system. Since alumina is high-
reflectance material, we need anti-reflection (AR) coating. We newly developed two-layer AR coating
with thermally-sprayed mullite and expanded polyimide (Skybond Foam) for use at the 50 K stage where
the maximum diameter of 530 mm is required.

For reducing the thermal loading from the 50 K IR filter, we also used alumina as the material for
the IR filter. The temperature of the conventional absorptive filters rises when a window with a large
diameter is used because of its lower thermal conductivity. On the other hand, the thermal conductivity
of alumina is three orders of magnitude as large as those of the conventional filters. We have confirmed
with measurements that the transmittance, the 3 db cutoff (700 GHz) and temperature rise (2.3 +£0.1 K)
all satisfy our requirements at cold stage. In particular, the temperature rise is reduced to only 2.3 K,

which is 50 times as low as the case with conventional filters.



We also invented the new millimeter-wave absorber, which we call “KEK Black”, to reduce the stray
light from the window. The performance of the KEK Black is better than conventional absorbers. In
particular, we achieved much lower reflectance than before, which is important to reduce effects of stray
lights and loading.

We installed the optical elements mentioned above into the receiver system and characterize the large
cold optics with prototype of dual-color TES bolometers on the focal plane. We have confirmed that
all the detectors realize the diffraction limited optics based on the optical simulation and the measured
values. All the results of the optical characterization meet our requirements. The thermal loadings at
each stage based on the measured temperature are less than the cooling power of the cryogenic system.
We have achieved the hold time of 38 hours and the detectors are cooled at 270 mK. The estimated noise
equivalent temperature is 3.39uK/sec, which is sufficient for us to achieve our science goals mentioned
above.

We prepare an end-to-end system for the characterization of beam and sensitivity. All the optical
components are mounted. Prototype dual-color TES bolometers are placed on the focal plane. We have
successfully observed signals from a 77 K load. The cross section of the beam at the front of the window
is measured with the knife edge method. The results are consistent with the simulation within 1 ¢. The
optical efficiency and power at each band are also measured. The measured powers meet the expected
values.

As the validation of optical design and alignment of the optical elements, we also measured the beam
map at the window, and optical efficiency defined as the measured power divided by the input power to
the receiver system. We confirmed they reasonably agreed with the simulation and calculation.

We conclude that we have established the technologies to realize the optical system with a large focal

plane for the next generation CMB polarization experiment, POLARBEAR-2.
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Chapter 1

Introduction

Recent observations have proven the standard model of cosmology, called the“ACDM model” of the
universe [0, 2, B]. However, there are yet unresolved problems, such as “flatness problem”, “horizon
problem” | “relic problem”, and “origin of perturbation” that the current standard theory of the universe
cannot explain. The inflation theory is one of the most powerful theories to solve these problems. It
assumes rapid expansion of the early universe [4, 8, 6]. However, “gravitational waves”, which are the
direct evidence for inflation have not been observed [7]. The dark sector in the universe is another
mystery. The observation of the large scale structure, which rised from the fluctuation of energy density
with dark matter, is one of the powerful methods to shed light on this problem [R]. It allows us to
reach the precision for the sum of neutrino masses and the dark energy. However, we are not able to
observe the large scale structure of dark mater directly. We estimate it using other information such as
the galaxy distribution, the cosmic infrared background [d], or gravitational lensing [0, I]. Accurate
measurements with these probes are useful to resolve the problems of cosmology [I2].

The cosmic microwave background (CMB) has immensely improved our understanding of the early
universe [[3]. The odd parity of CMB polarization pattern, called the B-mode is a promising tool to
measure the inflationary gravitational waves and gravitational lensing effects [14]. The B-mode pattern
of the inflationary gravitational waves is accessible on large angular scales, while gravitational lensing
can be examined on small scales. Here the large scale typically means ~ 2 degrees or even larger, and the
small scale corresponds to ~ 0.1 degrees. Theoretical and astronomical uncertainties of the measurements
with the CMB B-mode are much smaller than the other methods mentioned above.

The intensity of the inflationary gravitational waves is measured as the tensor to scalar ratio, r.
The observational upper limit of the tensor to scalar ratio is » < 0.07 (95 %C.L.) according to the
joint analysis of data from BICEP2, the Keck array and the Planck satellite [I5]. The next-generation
experiments are required to probe at the level of r ~ 0.01.

The POLARBEAR-2 (PB-2) is one of such CMB polarization experiments [[6]. The PB-2 receiver
system will be mounted on one of Simons array telescopes in the Atacama desert in Chile at the altitude

of 5200 m. We plan to start science observations in 2017. The PB-2 is designed to measure the tensor
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to scalar ratio, r, with precision o(r) < 0.01, and the sum of neutrino masses, ¥m,,, with o(XZm,) <
100 meV. Here o(r) and o(¥m,) are the uncertainties of the measurements. When combined with
galaxy survey data, o(Xm,) < 40 meV is expected. To achieve these science goals, the PB-2 receiver

system has the following features:

e It has 7588 transition edge sensor (TES) bolometers at the 250 mK stage in order to achieve high

sensitivity;

e Each detector pixel measures 150 and 95 GHz bands simultaneously to reduce the foreground, such

as dust and synchrotron emissions;
e It has the optical system with the diffraction limited optics.

To realize these features, we have developed four key technologies.

(i) Development and characterization of the cold alumina optics We used alumina as the
material for lenses. We have characterized and developed the large-diameter alumina optics to match
a large area of the detector array [[7]. To reduce the aberration to all the detectors, large and thin
lenses are essential. We measured the material property of the alumina at low temperatures. We made
alumina lenses and installed them in the cryogenic receiver system. We have confirmed that the measured

temperatures and optical properties of the lenses meet our requirements.

(ii) Development of alumina infrared filter We newly developed a high-thermal-conductivity
infrared (IR) filter using alumina [[8]. We estimated the 3 dB cutoff frequency using Fourier trans-
form spectroscopy. The 3 dB cutoff frequency is 650 GHz. The cut-off shape is steeper than that of
conventional filters. The high thermal conductivity of an alumina minimizes thermal gradients. The
temperature rise of the alumina filter is only 3 % of the conventional filter. In fact, after we published
our results, other projects including SPT3G and BICEP3 followed to employ this technology. Hence we

achieved to establish the new world-standard in the CMB community.

(iiI) Two-layer anti-reflection coating We established a new two-layer anti-reflection (AR) coating
method with thermally-sprayed mullite and expanded polyimide (called Skybond Foam developed by IST
corporation). We applied this technique to an alumina filter with a diameter of 450 mm and a thickness
of 2 mm. The transmittance for this filter is larger than 95 %, which is sufficiently high. Two-layer AR
coating on thin and large alumina is one of the most important technologies in the next-generation CMB

experiments. Our technology is thus a breakthrough to make the cold optics with a large diameter.

(iv) Development of the blackbody absorber In order to reduce the instrumental polarization
and stray light at the inner metal shell, we placed the millimeter absorber on the 4 K shell. The absorber
is required to be kept in the low temperature, with low reflectance and high absorption. We invented

the new absorber of the millimeter wavelength. The result of characterization with the absorber meets
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our requirements.

We established these technologies and applied them to the PB-2 optical system. For the validation
of the system, we first characterized the alignment of the lenses. The mismatch of the alignment may
generate the aberration of the optics. The large aberration optics breaks the diffraction limit, which will
lead to worse sensitivity for the small-scale fluctuation of the B-mode. From the alignment test, all the
lenses meet the diffraction limit optics.

We simulated mainlobe and sidelobe patterns with GRASP [19], assuming the diffraction limited
optics. To reduce the sidelobe amplitude level, we design and optimize the Lyot stop. These results meet
our requirements

We then placed all the optical elements in the PB-2 receiver system. We measured the temperature of
each element. The sensitivity of the PB-2 experiment is calculated based on the measured temperature
and optical properties of each element. The estimated sensitivity meets our requirement. Finally, we
validated the optical system with the prototype dual-color TES bolometers. All the optical components
are placed on each thermal stage. We detect the signals from a load at the liquid nitrogen temperature.
First, we measure the beam profile. The cross section of the beam is characterized with the knife edge
method. The results meet the simulation within 1 o. Second, we measure the polarization efficiency with
two orthogonal-axis detectors using the rotating polarizer. The measured polarization signals agree with
our polarization model. The optical efficiency and power at 95 and 150 GHz band are also measured.
The measured powers agree with the expected values.

This thesis is organized in the following way. In Chap. B, we explain the science overview and science
requirements for B-mode measurements. In Chap. B, we give an instrumental overview and system
requirements of the POLARBEAR-2 experiment. In Chap. B, we introduce the key technologies and
explain the design, fabrication, and characterizations of new technologies. In Chap. B, we simulate the
beam width of detection bands by changing the Strehl ratio using GRASP simulation. In Chap. B,
we explain the alignment of alumina lenses and show that we achieve the diffraction-limited optics. In
Chap. [@, we estimate the PB-2 sensitivity using the beam, temperature and detector information. In
Chap. B, we describe our optics tube and its validation. Discussion and conclusion are given in Chap. @

and [IT.
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Chapter 2

CMB science

The cosmic microwave background (CMB) has been enormously contributing to modern cosmology.
Observations of the CMB have established the standard cosmological model, in which the scale-invariant
adiabatic Gaussian fluctuations are responsible for the large-scale structure formation. [20] It has been
supported not only by the CMB data, but also with large-scale structure data [Z1] and type Ia supernovae
data [22][23][2].

In this chapter, we discuss CMB science and expected precisions of B-mode observations.

2.1 Friedmann-Robertson-Walker (FRW) universe

Modern cosmology is based on the hypothesis of homogeneous and isotropic universe on a large scale,
which is called the ‘cosmological principle’. Based on this principle, the Friedmann-Robertson-Walker

(FRW) metric is given as

dr?

11— k2 + 72d6? 4 1% sin? 9d¢)2 , (2.1)

ds® = g datdz” = dt* — a®(t)

where a(t) is the scale factor of the universe, K is the curvature of the universe [4]. The equation of

motion for the FRW universe is given by the Einstein equation:
G + Agpy = 87GT,,,. (2.2)

The energy-momentum tensor with the symmetry of space-time is given by

0
0 P
0
0

N o o o©

0
0
P
0
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where p and P are the energy and pressure of perfect fluid, respectively. In the FRW universe, the

Einstein equation is reduced to the following Friedmann equations,

N
a G A K
ay _ a2 2.4
(5) =543 (2.4
a a2 K

We also find the conservation equation, T = 0, as

. a

p=-3(p+P) <a) . (2.6)
The solution of Eq. (E8) is written as

p = polao/a)®+*), (2.7)

where py and ag denote the current values of the energy density and scale factor, respectively. Here
we use the equation of state w = P/p = constant. We hereafter use a widely-adopted normalization of
ag = 1. We define the cosmological parameters for the relative energy densities as

Pi
Qi = (28)
Pcr

where pe, is the critical density. The quantities ;4% are proportional to the density of the species i in
the universe today. We define the total density as Qoy = X€2;. Here, the subscript, i, denotes species in

the universe as listed in Table 1.

Table 2.1: The value of w and scale factor dependence of the energy density for different species.

w P

Radiation (CMB, neutrinos) | % a=*
Matter 0 a3
Cosmological constant —1 | const

2.2 Cosmic microwave background (CMB)

The existence of CMB is one of the most important predictions of the big bang theory. The CMB photons
were emitted from the last scattering surface of the plasma made of electrons, protons and photons. The
CMB photons were scattered by electrons and photons at z ~ 1100. It provides important pieces of
information of the universe at the age of 380,000 years. The scattered photons have traveled freely
through the universe. The most important fact about the thermal history of the early universe is that

the collisions with electrons before the last scattering ensured that the photons were in equilibrium. The
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Figure 2.1: CMB spectrum with 400 sigma error bars measured by FIRAS. This spectrum is consistent
with a black body at 2.725 K [24].

distribution of the photons is nearly isotropic and is described by the Planck distribution (black-body

radiation),

2hv3 1

chmb
with a temperature of T' = 2.725 K now. This is due to the fact that photons were decoupled from

the thermal bath at 7'~ 3000 K and z ~ 1100. The discovery of the CMB provides us with the firm
evidence for the state of heat bath at the early universe and the big bang cosmology. Figure 21 shows
the remarkable agreement between this prediction and the observation by the Far Infrared Absolute
Spectrometer (FIRAS) experiment on the Cosmic Background Explorer (COBE) satellite [26].

By the more accurate observations, the spacial fluctuation of the temperature of the CMB photons
at a level of 1/1000,000 was discovered. The accurate measurement of this fluctuation provides us with
the cosmological parameters and initial condition of the universe. The details of this fluctuation are

described in Sec. E4.

2.3 Inflationary universe

In spite of the great success of the big bang theory, there are several unresolved issues. This leads to a
new theory beyond the naive big bang model In this section, we outline the problems of the big bang

theory and introduce the inflation hypothesis as a solution [d][5].
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2.3.1 Horizon problem

The horizon problem is a problem that the CMB is too uniform beyond the causally-connected regions.
In the FRW universe, the scale of the causal horizon is well approximated with the Hubble length [z .
Since H o 1/t and during matter-dominated era a o t2/3, the Hubble length of photon decoupling was

I (taee) = H L ~ 19 (1 4 2qec) %2, (2.10)

dec

where z4ec ~ 1100. Then, the current physical distance is described by
d=(1+ zaec) i (Taee) = (1 + 2aee) /219 (2.11)

We need to estimate the number of independent causal regions. The observable surface of the CMB
sphere, in which we are contained today, is 47Hy 2. Thus, the number of the observed independent

causal regions is
4md? B 19
ATl (tace)  \lm (taee) (1 + Zdec

This result implies that we are actually observing ~ 1000 causal regions. These regions have never

2
)> ~ (1 + Zdec) ~ 103 (212)

contacted each other thermally. However, the observation shows a mysterious uniformity; i.e. all the
regions have the same temperature to the order of 10~°. This fine tuning problem is called ‘the horizon

problem’.

2.3.2 Flatness problem

In the Friedmann equation, Eq. (2Z4) , the curvature term is proportional to a=2. We define the

cosmological parameter of curvature as

Qe (t) = pp(ctr) = m ~ 1. (2.13)

According to Planck 2015 results [27], the estimated curvature and the Hubble constant are

Hy =67.8+£0.9 km/s/Mpc, (2.14)

Qko = —0.0008+9:0940. (2.15)

Then, we can calculate the ratio at the Planck epoch:

- ) ) - Y () - () = o

We see that the big bang theory indeed reproduces the observed universe only if the following initial

condition is imposed,

Qg (tp1)] < 10752, (2.17)

Thus our universe requires a large order of the fine tuning at the beginning, which we call the ‘flatness

problem’.
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2.3.3 Relic problem

Most particle physics models beyond the standard model predict some stable relic particles, such as
gravitinos, neutralinos, and monopoles, when the universe was at very high temperature. Although the
universe cooled down, we should observe them in the present universe. But we do not find any of them

so far. This is the ‘relic particles problem’.

2.3.4 Origin of the initial perturbation

The red galaxy survey reported the large scale structure in our universe. We do not have a solution

within the naive big bang theory to explains the origin of the large scale structure.

2.3.5 One of the solutions for the these problem, “Inflation theory”

The inflation theory provides us with solutions to all the problems described above at once [6][2R]. The
inflation theory assumes the exponentially expanding universe. If the inflation really occurred in the very
early universe, all the aforementioned problems of the big-bang models are naturally solved as follows.
The horizon problem is solved thanks to the rapid reduction of the comoving Hubble length during
inflation, which means that our observable universe today was from a small region that was well within
the region of causal contact before inflation. The flatness problem is also solved as the accelerating
expansion during inflation resulted in a very flat universe at the end of inflation. The relics density is not
a problem any more because the universe was much diluted by inflation, leading to a very small number

densities of any relic particles.

2.3.6 Inflation theory

We now study the most common solution of the ‘inflationary phase’. We assume that the dynamics of
the universe is dominated by a scalar field, ¢, which is called the ‘inflaton’. The Lagrangian with the
inflaton is given by

Ly =~ 50,00"0 ~ W(5). (2.18)

where a metric signature is (—, 4+, +, +).
Since the energy and pressure are dominated by contribution during the inflation, we assume that

interaction of the field ¢ can be neglected. The energy-momentum tensor of ¢ is then obtained as

T, = =2 (/=gc,). (2.19)

—g Ogh

where g = det(g,,). We yield the energy density and pressure as

1 . 1
po= T = 558 + S (V0) + W), (220)
and
e Lo 1 g2
Po= 3T = g~ (70 - Wo) @21



Assuming that both the spatial and time derivatives of the field ¢ are much smaller than the potential
at some initial time %;:

Vo(x, t;) < d(x,t;) < W(o). (2.22)

Here we assume that the potential is positive, i.e. W(¢;) > 0. We then obtain

P = b= 5B H W) =), (2.23)
P o= Py= B W)= W), (2.24)

Therefore the energy density and pressure are described as Py = —pg and pg + 3P4 < 0.

When we neglect spatial derivatives, the equation of motion of the inflaton is

/
¢"+3 <Z> ¢ + Wy =0. (2.25)
During the slow roll, the first term of this equation is negligibly smaller than other terms. Therefore we
obtain
a/
3 (a> ¢ = —W,. (2.26)
We then assume the so-called slow roll conditions, which are
1
§¢’2 < W, (2.27)
¢"| < 3H|¢'], (2.28)

so that the slow roll leads to H' < H?. Taking the time derivative of Eq. (2223) and replacing ¢’ by Eq.
(@), we come to the following slow roll condition;
’ 2 2 /
615_21’2:’172;0‘;;#) %%%«1, (2.29)
where G ~ my,. The second condition of Eq. (EZ28) gives
’ d)//
3He

< 1. (2.30)

We now set

247 W

where |e3] << 1. Then ¢; is always positive. The ¢; and ez are often called slow roll parameters. The

2 2
€y = bl (W’¢’¢> , (2.31)

inflation terminates when ¢; approaches unity.

The perturbation to the FRW metric [29] and the inflation field are given by

Guv (xa t) = glw(t) + 69;“’ (X7 t)v (2'32)
¢(X7 t) = é(t) + 5¢(X7 t)a (233)
where
- 0 0 O 0 O 0 0 0 O 0 0
® 0 O 0 0 0 hyw 0 hyx hy O
3G =2 +a? +a? S (2.34)
0 & 0 0 0 0 hy, 0 hy hyx O
0O 0 0 & 0 hxy hy, O 0 O 0 0
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Figure 2.2: CMB anisotropy map of Plank [27]. The color scales show temperature fluctuation from the

average value of 2.725 K.

These terms correspond to scalar, vector and tensor perturbation components, which are decomposed by
spin eigenstates, spin-0, 1 and 2, respectively. The terms of hy and h, are known as the gravitational

waves.

2.4 CMB power spectrum

The power spectrum is the most important observable for us, when we compare measurements with
theoretical calculations [d]. The CMB anisotropy for temperature is defined as ©® = AT /T (xo, to, n).

We can calculate spherical-harmonic transform of this equation as

O(x0,n,t) = Zalm(xo)Ylm(n), (2.35)
Im
<alm . af,m,) = 5”/5mmlcl, (2.36)

where C}’s are the CMB power spectra. The two-point correlation function is

OmOMm)) = 3 (@ - Q) Yien (1) Yirge (n) (2.37)
LU, mm’
1
= ZCI Z Ylm(n)Yl’m’(n) (2'38)
l m=—1
- %;(2[—#1)@3(#)7 (2.39)

where the P, is the Legendre polynomial. The a;,,’s from scalar, vector and tensor perturbations are
uncorrelated, i.e.

@ a)y = @S a1y = (@) a1y = 0. (2.40)

alm . al/m/ alm N al/m/ 'm/!
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The C]s consist of three types, Cgi, Cvi and Cty. Since the vector mode is known to decay soon after

entering the horizon, the C5, are negligible in models with adiabatic perturbations.

2.4.1 Scalar perturbation

In the case of scalar perturbations, the dominant contribution on the super horizon scale is the ordinary

Sachs-Wolfe (OSW) effect shown as

og™ ¥(x0, 1, t0), (2.41)

Wl =

(X07 n, to) =

where W; is the Bardeen potential. The two point correlation function for scalar perturbation is given

by

(O™ (x0,1,6)0E™) (x0,1', 1)) (2.42)
- kd®k e0 K) @EW) (k n 10)0C" (K ', 1)) (2.43)
1 . , > ,
= @0 / P Rd®K e SN K)W(K)) Y (20 + 1)(20 + 1)i' (2.44)
1,I'=0
Jl(k — tdec )]l(k (to — tdec))Pr(k - m) - Pl’(k/ ‘n)
- @ /df’)kp\p (20 + 1)(20 + 1)i" (2.45)
1,lI’=0
~Jz(k(to — taee))ji (k' (to — tace)) Pi(k - 1) - Py (K- m)
20+12 dk 1 .

1
Computing this equation and from Eq. (E239), we obtain the power spectrum for adiabatic perturbation

on scale 2 < I < x(to — tdec)/tdec ~ 100:

dk ‘
CEW) o / ?Pg,(k)k?’ﬁ(k(to — tdee)), (2.47)

where j2(k(to — taec)) peaks roughly at (k(to — taec)) ~ kto ~ L.
We also need to consider the integrated Sachs-Wolfe (ISW) effect. This effect is expressed as

0 M) (xg,m,tg) = /to (D + T) (¢, x(t))dt (2.48)

tdec

and the power spectrum is

2

t() .
C{ISW) f/dlnk / W52(k(to — t))dt (2.49)
m tdec
The power spectrum of scalar perturbation can be obtained as
k*Py(k) = Ag(k/ko)™ 1, (2.50)

which can also be expressed by using the inflationary potential V as

1672 | V
KPy(k) = — | —— 2.51
w (k) 3 |emd, - (2.51)

26



2.4.2 Tensor perturbation

The CMB anisotropy of Sachs-Wolfe effect from tensor perturbation is

_ [ Ohij
ot

o) ninddt, (2.52)

where h;; is from Eq. (2234). Similarly to Eq. (221), we obtain the following power spectrum

to . . _ 2
[ e, HEe = G o

2
R =2 / k2K

o g , .
where HT =< h;jn‘n’ hi ;m* n? >. For super-horizon scales, we can assume H™) = 0. We also see that

[atH™ ji(tg — t) ~ HT)(t = 1/k)ji(kto) holds as a crude approximation. Then, Eq. (2553) becomes

2 [k
(ISW) 2 dk Ji (%) (I +2)!
=2 [ Zp, . 2.54
Cr T/ k- "kt —t) (1—2)! (2:54)

We calculate the power low as
k3P, = K| H(k,r = 1/k)|? = Ap(k/ko)"". (2.55)

Here the power spectrum can also be shown with the inflationary potential V as

25672 | 'V
KRk) = 20 | (2.56)
3 my)
k=aH
2.4.3 Energy scale
Models of cosmic inflation can be characterized by the parameter, r, the tensor to scalar ratio as
Cs
r=—_. 2.57
Cot (2.57)

This equation implies that r depends on the inflationary potential V. Therefore, measurements of the
tensor to scalar ratio are not only testing inflation models, but also relate r to the inflationary energy

scale with the following equation,

1/4
V4 = 1.06 x 1016 GeV (ﬁ) . (2.58)

This scale O(10'%) GeV is known as the GUT scale, where GUT stands for the Grand Unified Theory,
which is a model in particle physics that unifies electromagnetic, weak and strong interactions at the

GUT scale [30].Therefore, observations of r would shed light on ultra high energy physics.

2.5 CMB polarization

The B-mode polarization of the CMB provides us with the direct evidence for primordial gravitational
waves. The CMB temperature anisotropy observation uses the information of CMB photon intensity.

On the other hand, CMB photon has another aspect of ‘polarization’. For generating CMB polarization,
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Figure 2.3: A local quadruple of the temperature anisotropy generates linear polarization. The quadrupole
temperature anisotropy creates regions of red and blue shifts. The amplitude of the red and blue shifted
photons are different. The electron at the last scattering surface scattered the photons from the hot and cold
regions. The scattered photons are polarized and a polarization pattern was imprinted on the last scattering

surface.

the CMB photons are required to scatter on electrons at the last scattering surface. The density of CMB

photons around each electron should also have quadrupole anisotropy as shown in Fig. 223

The scattering into a direction n is described by the Thomson scattering formula,

do 3

E = 8_7TOT(€in . Gout); (259)

where €, (out) is a polarization vector of the incident (outgoing) photon.

2.5.1 E-mode and B-mode

The polarization map of the CMB can be separated to the E-mode and B-mode. Figure B shows that
the E-mode is symmetric with respect to spatial inversion and the B-mode is obtained by tilting the
E-mode pattern by 45 degrees, which is asymmetric with respect to space inversion. In this way, CMB
polarization can be characterized with these two modes. In this section, we explain the science details

of the E-mode and B-mode polarization.

We first consider the classical decomposition of polarized electromagnetic radiation. For a plane wave
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Figure 2.4: E-mode and B-mode

coming to the observer from the +z direction, we define the electric field as

E.(t) = E, cos(wt — 61), (2.60)
Ey(t) = E, cos(wt — d2). (2.61)
(2.62)

The polarization is characterized by the following ‘Stokes parameters’: intensity, I; two directions of
polarization, Q and U; circular polarization V [81]. The Thomson scattering generates linear polarization
only. Figure 3 shows the Q and U polarization maps that were measured by the POLARBEAR-1

experiment. We should consider Q and U vectors and define these vectors as
Q=<E.-E; > (2.63)

and

U=<E,-E}; >=2<E,E; >, (2.64)

where <> is an average over frequency and F, and E} defined by

B, = %(Ea +iEy), (2.65)
B, = —(E, —iE,). (2.66)

V2
Rotating the x and y axes gives new Stokes parameters. When the angle ¢ = 45 degree, pure @ > 0

is transformed into pure U < 0. Therefore, the representation of Q, U matrix is

Q _ cos2y  sin2y Q, (2.67)

U’ —sin2y cos2y | |U
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Figure 2.5: Measured Q and U polarization maps in the POLARBEAR-1 experiment. We

measure the Stokes Q and U maps. The B-mode is reconstructed from them [32].

where bases of x and y axis are transformed by

e cosy  siny| |es

!

x

ey —siny  cosy| ey
It is convenient to define ‘cosmological Stokes parameters’ by

5I/1

Q/1
U/I

R

(C)

Q =

U

It is often more convenient to work with a complex linear combination as
Q+il.

From Eq. (E53), a clockwise rotation by angle ¢ has the effect

Q' +id = eTH(Q 4 ild).

rKcevs

-4

-6

originally

(2.68)

(2.69)

(2.70)

(2.71)

This property shows that Q £/ has the spin of +2. It is important to note that we can not decompose

Q+ild.

We have to decompose by using spin-2. For spin-2 decomposition, a formula analogous to Eq. (E233)

can be obtained as
QEl)n) = 3 a2 ioVin(n)
Im

= Z(Elm + (B )+2Yim (1),

lm
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r=0.01 with LiteBIRD's noise

Figure 2.6: Full sky B-mode map simulated by LiteBIRD [33].

where 15Y is a spin-2 spherical harmonics function. The components of E-mode, Ej,,, and B-mode,

Bim, are defined by

1

By = _§(+2alm + _QG/lm), (274)
1

Blm = 2_i(+2alm — _Qalm). (2.75)

+2
Im

— al_"%, and al_rf — a?;f occur so that the E-mode remains

Under parity transformation, n — —n, a
invariant while B-mode changes its sign. Figure P shows the simulation of a full sky B-mode map.

Moreover, we can define power spectra and cross power spectra as

< alma*m >= 5ll/5mm/CTT, 2.76
1 l

< almEl*m >= 6ll:5mm/C’lTE, (2.77)

< B E;,, >= 61 0pm: CEF (2.78)

< Eym By, >= 810 CFB, (2.79)

< Bin By, >= 016 CPB. (2.80)

2.5.2 B-mode from Primordial gravitational waves (PGWs)

We now consider the polarization from the gravitational waves. In Eq.(223), we regard the tensor per-
turbation as gravitational waves, which we call primordial gravitational waves. We distinguish between
primordial and astronomical gravitational waves. Recently, the Laser Interferometer Gravitational-Wave

Observatory (LIGO) observed the first astronomical gravitational signal GW150914 from a binary black
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Figure 2.7: The theory of the primordial gravitational waves predicted to be imprinted as degree scale
rotation-like polarization patterns. + and x mode fluctuation patterns generate the quadrupole temperature
fluctuation pattern. The + mode generates the even parity pattern, E-mode. The x mode generates the

odd parity polarization pattern, B-mode.

hole merger [84]. Therefore, there is no doubt about the existence of gravitational waves.

The primordial gravitational waves are transmitted in the universe with expansion and contraction
of the space. The space expands and contracts perpendicular to the direction of the wave propagation
like the photon transmission. The gravitational waves consist of two modes that are corresponding to
the XY axis (the +mode) and the tilted pattern by 45 degrees (the x mode). This mode is equal to the

tensor component in metric perturbation in Eq. (E234).

Since gravitational waves transform geometry, these modes generate temperature anisotropy with red

shift or blue shift. Figure EZ0 shows the A4 mode and hyx mode anisotropy patterns.

This picture implies that gravitational waves generate x and + mode polarization. These modes
generate E-mode and B-mode patterns on the sky. On the other hand, scalar perturbation is only
generating the E-mode perturbation, not the B-mode. Therefore, B-mode can be firm evidence for

inflationary gravitational waves [35]. We can express the CMB power spectra with primordial inflationary
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perturbations as

CI'" = 4r /Ooo dinkT3 Py (k), (2.81)
CI'¥ =4rn /Ooo dInkTeTgEPs(k), (2.82)
CFF =4r /OOO dIn kT2 Py (), (2.83)
CBB = 4r /OOO dIn kT3 Py (k), (2.84)

where Tx (X = {T, E, B}) is a transfer function, which involves the effect of dynamics in the universe.

2.5.3 Lensing B-mode

The CMB polarization map also contains information on the gravitational lensing at 0.1 deg angular
scales [IM]. The lensing CMB temperature and polarization anisotropies can be obtained in terms of a

remapping of the CMB by a deflection angle V¢:

O(i) = O(h + Vo (h)) (2.85)
(Q +iUt)(R) = (Q + iU)(h + V(h)) (2.86)

The deflection angle is given by the gradient of the gravitational potential,

Zrec o R D(Zrec) — D(Z)

where D(z) is the comoving distance to redshift z in a flat universe and ¥ is the Bardeen potential. By

B(h) = 2

(2.87)

Zrec

using the Limber approximation, the power spectrum of the gravitational potential is given by

Cf¢:% Ozrcc ;(Z)D(Z) (W) Po(z k). (2.88)

Zrec

The spectrum of the lensing B-mode can be expressed as

d>L
BB __ 2 EE ~¢$
CPB — / (%)QW (L1-L)CFECe?, (2.89)

where 1 = (I cos vy, Isiny), and W(L 1) =1 (1 -1)sin2(¢y; — 1) is the mode coupling weighting.

2.6 Recent CMB observation

The precise measurements of CMB temperature anisotropies have been provided by WMAP, ACT, SPT
and Plank [B, 86, 87, 27]. The Planck experiment is a satellite experiment for CMB measurements. They
measured the 100, 143, and 217 GHz bands with the full sky. The Planck experiment measured the
power spectra of the CMB anisotropy and polarization pattern as shown in Fig. 8, B9, and E10. The

measured power spectra are consistent with the model. The estimated parameters from the results are

listed in Table 2.
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Figure 2.8: The power spectrum of CMB temperature anisotropy according to the Planck 2015 result [277].
The red curve is the best fit of the ACDM model. The error bars show +1o uncertainty. The y-axis is
D, =1(1+1)CF" /2n.

The POLARBEAR-1, BICEP-2, KECK Array, and SPTpol experiments detected the lensing B-mode
directly as shown in Fig. Z10. The red points are measured by POLARBEAR-1. The POLARBEAR-1
observed the B-mode polarization at the multipole range of 500 < [ < 2100. POLARBEAR-1 first
reported the result of the direct measurement of the lensing B-mode. BICEP-2 and KEK Array also
measured the B-mode polarization at the multipole range of 20 < I < 340. The green points, BK14, are
the result of the combined analysis of the BICEP-2 and KEK Array data. SPTpol also measured the

B-mode polarization at the multipole range of 300 < [ < 2300.

2.7 Science targets with CMB B-mode

The B-mode signal consists of the primordial and lensing components as described above. Through the

measurements of the B-modes, we will probe the inflation and large scale structure.

Cosmic inflation As discussed in 2532, tensor perturbation (primordial gravitational wave) generated
during inflation created B-mode polarization pattern on the sky at the recombination and re-ionization
era. Because the B-mode is not generated from the scalar perturbation, observing the B-mode is the
direct evidence for the inflationary universe. The amplitude of the B-mode signal, which is characterized
with r, is directly related with the energy scale of the inflation potential. If we detect the B-mode signal
at the level of r ~ 0.01, it would suggest that inflation occurred at the GUT scale. The B-mode signal
has not been detected. The most stringent upper limit of r is set at 0.07 (95 % C.L.) by BICEP2 and
KECK Array [I5].
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Figure 2.10: The power spectrum of E-mode polarization according to the Planck 2015 result [27]. The
red curve is the best fit of the ACDM model. The error bars show 1o uncertainty.
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B-mode is measured by POLARBEAR, SPTpol and BK14. Results are consistent with the ACDM model.

Private complication by Yuji Chinone.
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Table 2.2: The measured cosmological parameters from Planck 2015 result [27].

TT+lowP TT+ lowP TT+lowP TT,TE,EE TT,TE,EE TT, TE,EE+lowP
Parameter + lensing lensing+ext +lowP +lowP+lensing +lensing+ext
Qph? 0.022224+0.00023 | 0.0222640.00023 | 0.0222740.00020 | 0.02225-+0.00016 | 0.02226-0.00016 0.02230+0.00014
Q.h? 0.119740.0022 0.118640.0020 0.118440.0012 0.119840.0015 0.119340.0014 0.118840.0010
1000\1c 1.0408540.00047 | 1.0410340.00046 | 1.0410340.00046 | 1.04077+0.00032 | 1.04087+0.00032 1.04093-0.00030
T 0.078+0.019 0.066+0.016 0.067+0.013 0.079+0.017 0.063+0.014 0.066+0.012
In (1019 Ay) 3.089+0.036 3.062+0.029 3.0640.024 3.0940.034 3.059+0.025 3.064+0.023
Mg 0.965540.0062 0.967740.0060 0.968140.0049 0.964540.0049 0.96530.0048 0.96670.0040
Hy 67.31+0.96 67.81+0.92 67.90£0.55 67.27+0.66 67.5140.64 67.7440.46
Qp 0.685+0.013 0.692+0.012 0.693540.0072 0.684440.0091 0.6879+0.0087 0.691140.0062
Qi 0.31540.013 0.30840.012 0.306540.0072 0.315640.0091 0.312140.0087 0.308940.0062
0, h? 0.142640.0020 0.141540.0019 0.141340.0011 0.142740.0014 0.142240.0013 0.14170+0.00097
o8 0.829+0.014 0.814940.0093 0.815440.0090 0.831+0.013 0.8150+0.0087 0.8159+0.0086
Zre 0.9%1% 8.8t17 8.9t 10,0717 8.5t13 88112
109A, 2.1983-5%% 2.139:+0.063 2.14340.051 2.207+£0.074 2.13040.053 2.14240.049
Age/Gyr 13.813+0.038 13.799+0.038 13.796+0.029 13.813+0.026 13.807+0.026 13.79940.021
Zeq 3393449 3365+44 3361427 3395433 3382432 3371423
O 00524998 | 00051901 | —0.0001%999%8 | —0.040+5 38 000449912 ~0.0008+,9940
Ym, <0.715 <0.675 <0.234 <0.492 <0.589 <0.194
Ne 3137008 3137002 815754 2.9975:4) 2947538 3.0475:33
Y, 02527393 0.2519:03 0.251+9:93 0250920 024775938 0.24075022
70.002 <0.103 <0.114 <0.114 <0.0987 <0.112 <0.113
w ~15479:%2 141t 100675957 1557933 142552 ~1.01975573
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Figure 2.12: The calculated inflationary B-mode power spectrum for various tensor to scalar ratios, r from
0.01 to 0.07. Each spectrum is calculated with CAMB [B8]. The assumed parameters are from Planck 2015

results shown in Table 2 . Many inflation models favor the r value greater than 0.01.

Many of inflation models suggest » > 0.01, and the next generation ground-based experiments target
the sensitivity of that level. The clearer target is a theoretical bound of 0.002 on single field inflations,
often called the Lyth bound [30]. Measurements at 7 ~ 1072 level will be conducted by future satellite

missions, e.g. LiteBIRD.

Sum of neutrino masses The CMB is the oldest observable light. Traveling from the recombina-
tion era to the present time trajectories of CMB photons were bent by the large-scale structure of the
universe [[1]. The amplitude of large-scale structure of the universe corresponds to the sum of neutrino
masses. This effect is prominent in particular in small angular scales of the B-mode polarization. Fig-
ure. 213 shows the lensing B-mode as a function of the sum of neutrino masses. The sum of neutrino
masses may provide us with the solution to the neutrino hierarchy problem.

The neutrino masses have been measured by experiments observing the neutrino oscillation. The

measurements of solar neutrinos have determined the mass squared difference between m, and mqy [39],
|m? —m3| = 7.5970%) x 107 %eV2. (2.90)
Atmospheric neutrino measurements [40] have also determined
|m? — m3| = 2.437013 x 107 %eV2., (2.91)
However, these experiments can only measure the absolute values of m1, ms and ms. It does not tell us
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Figure 2.13: The calculated lensing B-mode power spectra as a function of the sum of neutrino masses.
These curves are calculated by CAMB [BR]. The assumed parameters are from Planck 2015 results as listed

in Table. Z2. The amplitude of lensing B-mode corresponds to the sum of neutrino masses.

whether or not ms is heavier than mgs. This question is known as the “neutrino hierarchy problem”. If
mg is larger than ms, the hierarchy is called the “normal hierarchy”. On the other hand, if it is smaller,
the hierarchy is called the “inverted hierarchy” as shown in Fig. ECT4.

The accurate measurements of lensing B-mode can solve the “neutrino hierarchy problem” because
they allow us to estimate the sum of neutrino masses. From the results of the neutrino oscillation

experiments, the lower limit of the sum of neutrino masses is described as

Ym, > 100 meV (inverted), (2.92)

Ym, > 60 meV (normal). (2.93)

Therefore, at least, we are able to detect the non-zero neutrino masses if the precision of our measurements

is much better than 60 meV.

2.8 Statistic errors

Based on the detector Noise equivalent power, NEP (aW/v/Hz), the noise equivalent temperature (NET)

in the unit of puK./s is calculated as follows:

NEP
NET;o; = — 2t (2.94)

\/E% |Tcmb .

39



Am,,

m
Amsun( 2

m, mj

Normal Inverted

Figure 2.14: The normal and inverted hierarchy of neutrino masses. The current limit allows both

scenarios.

We can calculate the mapping speed as

NOO
g — Vool

- 2.95
NET?,’ ( )

where Npoio is the number of bolometers. The NET array sensitivity is described as inverse of mapping

speed:

NET
NETaray = /1/S = ——2, (2.96)
We define the CMB temperature noise as a measurement of pixel noise on the sky in a unit pixel size:

2NET,,,,Q
on = || — v (2.97)
tobs

where tohs and 2 are the observation time and patch size, respectively. The noise of temperature and

polarization anisotropy are expressed as

Ny = wp' Wt = 0%t (2.98)

2
NP = it = T, (2.99)

where the noise in temperature and polarization are related by oy = w}l/z = wgoll/z/\/ﬁ, W is a

window function of beam resolution, op is the standard deviation of the Gaussian beam, i.e. o =

FWHM/v8In2. The detail of W} is discussed in Chap. B.

The statistical errors of CMB power spectra for the temperature and polarization anisotropy are

40



written as

ACTT = ‘/(21+21)fs,w[ T+ N, (2.100)
ACFE = ‘/(21+21)f5ky[ EE 1 NP, (2.101)
ACPP = 1/(2l+21)fm[

ACTE = ‘/(21+21)fsky[
AGEY = \/ (2l+21)fsky[ 3

where fo, is a fraction of the observed sky. These equations are known as the Knox formula [21].

CT

CE

CPP + NP, (2.102)
(CE)? + (I + N)(CFP + NP2, (2.103)
(CFP)? +(

FOPE NP N 200

2.9 Systematic errors

For the bolometric detectors, the polarization signal is usually measured as the difference between signals
from two orthogonal bolometers. If the property of gain, beam, and polarization are different between

two detectors, systematic errors are generated [d2]. Here, modeling each detector beam with a Gaussian

exp(_ (x —pa)® (y—py)2>_ (2.105)

2 2
202 203

The beam ellipticity is defined as e = (6, — 0y)/(0x + 0y). Then, the differential beam properties and

beam yields

I(Jj,y) =

2wo L0y
systematic errors of B-mode are defined in Table 3.
Table 2.3: Beam systematic parameters [42]. The each parameters are defined as ¢y = cos (2¢1) —cos (2¢2),

S¢ = sin (2¢1) — sin (2¢2) ,co = cos20, sg = sin(20). I, and J, are the cyclindrical Bessel functions,

respectively, where the parameter z = (Io)?(1 4 p)?e.

Effect Definition ACPEB
Differential gain g=9g1 — g2 g HOET
Differential beam width p= 0t 4 (lo)t fLCFT
Differential pointing p=p1—p2 | s3CETI3(lp) — JZ(Ip)CLT fo
Differential ellipticity e= 452 I f(z)siC’lTT
Differential rotation €= 1(e1 + €2) 4e2CEF

2.10 Discussion

The statistical errors from the detector are calculated by the Knox formula. Then, we estimate the

significance with several parameters. The significance level for r and ¥m,, is calculated with the following
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equation:

CPB(r = 0,%m, = 0) — CPB(r,Sm,))?
o E<<l (r=0.5m, =0~ GFE(r,¥m,) > 2106
(ACZ (fskyvNETaTray70b7tobs))

where the power spectrum is based on the cosmological parameters listed in Table. 22 and POLARBEAR-
2 instrumental parameters listed in Table. EZ. In this calculation, we assume that the observation

frequencies are 150 and 95 GHz.

Table 2.4: The POLARBEAR-2 instrumental parameters used for the estimation of significance, where
op is the beam width and t.4s is the observation time. The Efficiency row shows observation efficiencies

expected from the POLARBEAR-2 experiment.

95 GHz 150 GHz
sty 65 % 65 %
Op 6.0 arcmin | 3.5 arcmin
tobs 3 years 3 years
Efficiency 0.18 0.18

Figures. 213 and I8 show the significance as a function of the array NET. When we estimate
the significance of inflationary B-mode, we subtract the lensing B-mode. The uncertainty of the lensing

B-mode is taken from the Planck 2015 result [24]:
Apens = 0.983 £ 0.025. (2.107)

The significance of inflationary B-mode becomes larger when the sum of neutrino masses is larger. This is
because the lensing B-mode power as an additional noise is suppressed with increase of sum of neutrino
masses. When ¥m, = 0, therefore, the significance of the r measurement becomes the smallest. In
order to achieve more than 2 sigma detection of the inflationary B-mode for r = 0.01 at ¥m, = 0,
NET amray < 4.32 pKy/sec is required.On the other hand, the significance of the lensing B-mode becomes
larger with the larger value of the tensor to scalar ratio. The requirement of the 1 sigma detection of
Yimy, = 100 meV is N BT rqy < 4.44 uKy/sec. Therefore, our requirement of NET array is 4.30 uK\ﬂsec)
for achieving the 2 sigma detection of inflationary B-mode and 1 sigma detection of the lensing B-mode

with ¥m, = 100 meV.

2.11 Summary of this chapter

The CMB has played a key role to establish modern cosmology. In particular, the accurate measure-
ments of the CMB temperature and E-mode polarization anisotropies are essential to precisely determine
cosmological parameters. The accurate measurements of B-mode will provide us with the new physics
of inflation and neutrinos. To access the level of » = 0.01 and ¥m, = 100 meV, we need to achive the

array sensitivity of NET,ray = 4.30 uK./sec.
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Figure 2.15: The calculated significance of inflationary B-mode. We assume the measured parameters

from the Planck 2015 results as listed in Table. 2.

r=0.07, 0.05, 0.025, and 0.01.
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Figure 2.16: The calculated significance of lensing B-mode for 1000 meV, 500 meV, 250 meV, 100 meV,
80 meV, 60 meV, and 40 meV. When we estimate the inflationary B-mode, we subtract lensing B-mode.

Then, we assumed lensing B-mode amplitude from the Planck 2015 results.
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Chapter 3

POLARBEAR-2 experiment

POLARBEAR-2 (PB-2) is a ground-based CMB polarization experiment with a large detector array [,
16, 43, @4]. The PB-2 receiver employs 7588 Al-Mn bilayer transition edge sensor (TES) bolometers at
250 mK on the focal plane with a diameter of 365 mm [d5]. The detectors are placed on a 250 mK
stage and sensitive to two frequencies (95 and 150 GHz) simultaneously. This receiver will be mounted
on a telescope of the Simons Array at the Atacama desert in Chile in early 2017. Figure Bl shows the

observation site of PB-2.

3.1 Science goals of PB-2

As described in the previous chapter, the science goals of PB-2 are
e to obtain the evidence for the inflationary universe,
e to estimate the sum of the neutrino masses from the gravitational lensing (GL) effect.

The main target of PB-2 is the odd-parity polarization pattern, the B-mode. The B-mode is created
by the primordial gravitational waves (PGW) during the inflation and by the large scale structure in
history of the universe. The detection of the PGW B-mode will shed light on the initial condition of the
universe (e.g. energy scale of inflation). On the other hand, the GL B-mode contains information of the
structure formation (e.g. the sum of neutrino masses).

The sensitivity curve of PB-2 is shown in Fig. B2. Our scientific goals are r < 0.01 at 95 % C.L. for
the tensor to scalar ratio and Ym, < 100 meV at 68 % C.L. The PB-2 will measure the power spectrum

at a multipole range of 25 < I < 2500.

3.2 PB-2 Instruments overview

The PB-2 instrument consists of two parts, the HTT and the PB-2 receiver system as shown in Fig. B3.
The PB-2 receiver system is the high sensitive detector array. The specifications of the PB-2 and the
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Figure 3.1: Observation site. The telescope in the picture is the Huan tran telescope with the PB-1

receiver system. For the PB-2 we plan to place another telescope near the PB-1 telescope. The design of

the telescope of PB-2 is the same as that for PB-1 [46, &4].
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Figure 3.2: Expected sensitivity of PB-2 for B-mode detection within 1 sigma errors for 2 years of ob-

servation. Pink and blue curves are the power spectra for PGW and GL B-modes, respectively. Private

communication with Yuji Chinone.
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Figure 3.3: Left: The picture of Huan Tran telescope from a PB-2 official picture. Right: The cross

sectional view of the PB-2 system.

PB-1 are summarized in Table BTl. We highlight three features in the PB-2 system as follows:
e 7588 Al-Mn bilayer TES bolometers at 250 mK,
e the observation frequencies of 150 and 95 GHz,
e the cold alumina optics.

In the case of the ground-based experiments, the sensitivity of each pixel is limited with the emission from
the atmosphere. We need to increase the number of detectors for the high sensitivity measurements. The
current-generation experiments PB-1 and BICEP-2 have employed 1274 and 512 detectors, respectively.
The number of the detectors at PB-2 is about ten times as large as those of the current-generation
experiments. To accommodate a large number of detectors, we need to place the large focal plane. We
employ the alumina optics for the PB-2 experiment. The alumina allows us to make the large optics
keeping a low aberration of each detector. Therefore, the technology of large alumina optics must be

developed for the B-mode detection.

3.3 Cryogenic system

The receiver system is designed to cool the focal plane at 250 mK. The 250 mK refrigeration system
consists of two pulse tube coolers (PTCs) [47] and a helium sorption cooler with two 3He stages and a
4He stage. [28] The nominal cooling power of the PTC is 30 W at 50 K and 1.5 W at 4 K. We measure
the PTC performance with the thermal loading as shown in Fig. Bd. The heat links are between each
thermal stage and PTC heads. Our target temperatures are 55 K and 4 K at the 50 K and 4 K stage,
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Table 3.1: PB-2 receiver specifications [I6].

POLARBEAR-1 POLARBEAR-2
Frequencies 150 GHz 95 GHz and 150 GHz
Number of pixels | 637 (1274 bolometers) 1897 (7588 bolometers)
NET (bolometer) | 480 uK+/s (150 GHz) 360/360 uK+/s (95/150 GHz)
NET (array) 13.4 uK+/s (150 GHz) 5.6/5.6 uK+/s (95/150 GHz)

4.0 uK+/s (95 and 150 GHz combination)

Focal plane 250 mK 250 mK
Temperature
Field of View 2.4° 4.8°
Beam Size 3.5 arcmin. 6 arcmin. @95 GHz, 3.5 arcmin. @150 GHz
Sky Coverage 1.7% 65 %
Observation Time 5 years 3 years

respectively. We place the annealed 5.8N-purity aluminum and annealed 7N-purity copper sheet on the
outer surface of each thermal stage to reduce the thermal gradient. The high purity aluminum with a
thickness of 0.5 mm is made by Sumitomo chemical corporation. [#9] The high purity copper with 0.2
mm thick is made by Mitsubishi material [60]. We place 30 and 50 stacked MLIs which are made by
Kaneka corporation. [61]. Figure B3 shows an example refrigerator cycle. The measured hold time at

the 250 mK stage is 38 hours, which meets our requirement.

3.4 Optics

The HTT is an off-axis Gregorian telescope, which has two mirrors, primary and secondary mirrors [62].
Re-imaging alumina lenses make the focus telecentric over the whole 365 mm diameter focal plane. The
projected beam shapes on the sky at detection frequencies are defined with the design of the Lyot stop.
The Lyot stop is placed between the aperture lens and collimator lens, with which we make the optical
aperture. We employ a new black-body compound named KEK black that I invented, as a material of
the Lyot stop. The simulated beam at each pixel is shown in Fig. B3. We also place the KEK black at

the inner surface of the 4 K shell to reduce the stray light and pseudo polarization due to reflection.

3.4.1 Optical elements

We explain the optical elements of our system in this section. The list of the optical elements of the
PB-2 receiver system is shown in Fig. BZ0. The details of the optical elements are shown in the following

subsections.
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Figure 3.7: Side view of the PB-2 receiver system with optical components and readout system.

3.4.1.1 Primary and secondary mirror

The primary and secondary mirrors reflect the incident beams. The mirrors are made of aluminum.
Projected along boresight, the size of the primary mirror is 3.5 m in diameter, with 2.5 m high-precision
monolithic mirror and a 1 m guard ring. The secondary mirror is 1.5 m in diameter. The incoming
parallel beam is reflected by the primary mirror and is focused at the primary focus, which is placed
between the primary and secondary mirrors. The secondary mirror converts the prime focus to the

Gregorian focus corresponding to the field lens.

3.4.1.2 Zotefoam window

The Zotefoam [b4] is known as a high transmittance material in detection bands and high absorption
in the IR band. The thickness of the PB-2 window is 200 mm as shown in Fig. B8. The measured

temperature of the Zotefoam at the vacuum side is 252 K. The measured transmittance is 98 %.

3.4.1.3 RT-MLI

The first element after the Zotefoam window is the radio-transparent multi-layer insulation (RT-MLI) [65]
as shown in Fig. B9
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Figure 3.8: Photograph of a Zotefoam window.

Figure 3.9: Photograph of a RT-MLI as a 300 K IR filter.
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3.4.1.4 Alumina filter

We employ alumina with 99.5 % purity as IR absorption filters of the PB-2 receiver system because the
loss-tangent difference from the millimeter to sub-mm wavelengths was the largest among the samples
we tested [IR]. The alumina filter with the AR coating is mounted on a 50 K shell that is located next
to the RT-MLI. The thickness and diameter of the alumina filter are 2 mm and 460 mm, respectively.
The filter is conductively cooled at the filter edge. We use the method of the mullite and Skybond
Foam anti-reflection (AR) coating to the alumina filter. The detail of AR coating and alumina filter is

explained in Chap. @.

3.4.1.5 Alumina lenses

We employ the alumina with 99.9 % purity for re-imaging lenses [I'7]. To achieve the large field of view
over 4.8 degrees with diffraction limited optics, high purity alumina is used for 500 mm in diameter of
re-imaging lenses because of its high index of refraction (~ 3.1). There are three lenses, which from the
sky side are the field lens, the aperture lens and the collimator lens. We place the AR coating on both
surfaces of lenses. We apply epoxy AR coating on curved surfaces, while the technology with mullite
and Skybond Foam is adopted on the flat surfaces. That means that the epoxy AR coating is placed
on the both surfaces of the field lens. The aperture lens and collimator lens have a hybrid configuration
with both AR coating techniques, which is effective in reducing the dip of the fringe. The detail of AR

coating and alumina lenses is explained in Chap. @.

3.4.1.6 Metal mesh filter

The metal mesh filter (MMF) is an IR filter made of the stacks of the metal meshes and polypropylene [66].
It is used as a low pass filter for the incoming radiation. We place three types of MMFs whose cut-off
frequencies are 171 GHz (5.7 icm), 261 GHz (8.7icm), and 360 GHz (12 icm). Seven MMFs with a 171
GHz cut-off is placed at the 350 mK stage with each of them corresponding to one wafer as shown in
Fig. BI0. The MMFs with the cut-off frequencies of 261 and 360 GHz are placed at 4 K stage with
stacking. Their diameters are 300mm, which are sufficiently large. The measured transmittances of

MMFs are explained in Chap. [@.

3.4.1.7 Lyot stop

The Lyot stop defines the beam edge with absorber aperture. The aperture is placed between the
collimator and aperture lenses. From the optical design, the diameter of Lyot stop is defined to be
180 mm. To reduce the side lobe with diffraction at the edge of Lyot stop, we should design the smooth
edge of window function. To this end, we use the KEK black as a material of the Lyot stop. The
composition of KEK black by mass is: 64 % Stycast 1090 (Emerson & Cuming, Inc., Woburn, MA [67]);
6 % Catalyst 9 [67]; 26 % Carbon black(MITSUBISHI Carbon Black #10 [6X]); 4 % Powder Beads

(Mogu corporation [69]). The millimeter absorber is placed on the inner surface of the 4 K shell and
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Figure 3.10: Left: Picture of a stack of metal mesh filters at the 4 K stage. Right: Picture of metal mesh
filters at the 350 mKstage.

Window side Detector side

Figure 3.11: Left: The developed Lyot stop viewed from the side of the vacuum window. Right: The
developed Lyot stop viewed from the the detector side. The Lyot stop is made of KEK black.

the Lyot stop as shown in Fig. BII. The millimeter absorber blocks the stray light for reducing the

unexpected loading to the focal plane.

3.5 Detector and Focal plane

The focal plane is separated into 7 wafers. Each wafer has 271 dual linear-polarization pixels which are

sensitive to 95 and 150 GHz bands [45]. A silicon lenslet is placed on each pixel. Incoming radiation is
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Figure 3.12: The focal plane design of PB-2. The diameter of receiver system is 365 mm. A silicon lenslet

with the epoxy AR coating is mounted on each pixel [28].

coupled with a sinuous antenna. Micro-strip filters on the pixel split the signal onto two detection bands.
The intensity of each band is detected by TES bolometers. The entire focal plane is cooled to ~ 250 mK
by a helium sorption cooler.

The sinuous antenna is sensitive to two polarization directions, which we call “top” and “bottom”
detectors. The “top” and “bottom” detectors measure the E2 and E? polarization of the electromagnetic
waves, respectively. It can observe the linear polarization by taking the difference between the “top”
and “bottom” bolometer as described in Eq. (263) and (254).

The observed signals by a pair of detectors are affected by the fluctuations of the atmosphere. How-
ever, the atmosphere is known as the non-polarized light to a good approximation. Two detectors have
observed the same atmosphere so that it cancels the fluctuation of the atmosphere with the difference
in signals. Therefore, it can measure the polarization from the ground without the fluctuation of the

atmosphere to a good precision.

3.6 Readout system

Figure B4 shows a schematic view of the readout circuit [60, 61, 62]. The signal from each bolometer
is amplified by a superconducting quantum interference device (SQUID) and read out by multiplexed
readout system based on the digital implementation of the frequency domain technique [63]. For each
bolometer that is represented as the resistor Ry, in Fig. B4, we form a LCR resonant circuit with the
same inductance L and different capacitance C;, where ¢ runs from 1 to 40 indicating the bolometer ID.

By sending the carrier signal that corresponds to each resonant frequency, one can detect the change of
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TES bolometer
AN\

Micro-strip filter

Figure 3.13: PB-2 detector system. A sinuous antenna, micro-strip filters, and TES bolometers are placed

on the each pixel [45].
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Figure 3.14: Overview of the PB-2 readout system. The frequency-domain multiplexing is adopted to

readout 40 bolometers with the same signal line [62] .

the bolometer resistance by watching the output current from the resonant circuit. The following design
considerations were made for stable operations of the readout system: (1) Parasitic inductance, L, and
resistance, Rsg, should be small enough not to change the bias resistance Rp;qs seen by the detectors; (2)
The equivalent series resistance, R4 should also be small enough not to affect the resonant frequency.
Sum of Ryg, Rs1, and Ryp;.s generate the non-linearity of TES bolometers as a parasitic resistance; (3)
We have adopted the Digital Active Nulling (DAN) scheme [64], which can extend the band width of the
SQUID amplifier and allow the high frequency readout; (4) The current on the input coil at the SQUID
chip is canceled by DAN, i.e. Iy = Ipoto + Inun=0. [62] The SQUID board is placed on the 4 K stage.
The increase in the detector number requires an increase in the multiplexing factor; while the number of
detectors read out per SQUID was 8 at PB-1, it is increased to 40 for PB-2. PB-2 readout system consists
of a set of 40 LC resonance chips with different resonance frequencies, f =1/ 27v/LC. Figure. BI3 shows
simulated LCR peaks. The signal from the SQUID board is read out with the custom-made digital board
called the Ice board. The Ice board is specialized for high multiplexing readout system.

3.7 Calibrators

We mounted the calibrator into the telescope to reduce the systematic errors of our measurement. We

explain the calibration system as follows.

3.7.1 Gain calibrator

A chopped thermal source with ~1000 K is the relative gain calibrator of the PB-2 system as shown
in Fig. BIA. This source is coupled to the detector beam through a 8 mm light-pipe penetrating the
secondary mirror. We estimate the relative gain of each bolometer. The response of the detector depends

on the frequency due to the time constant of the detector. We change the chopper frequencies between
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Figure 3.15: The simulated LC resonance peaks [63].

4 Hz and 44 Hz during each calibration.

3.7.2 Polarization modulator

At PB-2, we plan to modulate the polarization signal with a continuously-rotating half-wave plate (HWP)
whose diameter is 500 mm. Figure BTT@ shows the picture of the PB-2 HWP. The HWP rotates the
polarization angle of the incident polarized signal. We use sapphire, which is a birefringent material.
The thickness of our HWP is 3.6 mm, with which the difference of the optical path length between the
ordinary axis and extraordinary axis is equal to a half wavelength of the average of two band centers
(120 GHz). There are two advantages of using the HWP. First, the modulation of the HWP only rotates
the incident polarization angle. In general, when we reconstruct the polarization signal from a pair of
bolometers, we have to take a difference between two bolometers. Therefore, if a detector gain difference
or beam mismatch is large between two polarization directions, the signal of temperature anisotropy leaks
into instrumental polarization. However, when we use a continuously-rotating HWP, we can use each
detector independently. Second, as the HWP rotates continuously at the frequency of fuwp > finee/4,
the modulated signal appears above the 1/f knee of the detector noise. Therefore, we can observe large
angular correlations on the sky without the effect of 1/f noise, even the scan speed is not high. The
achromatic HWP (AHWP) we plan to use has a very high modulation efficiency, close to unity and a
large bandwidth that sufficiently covers both 95 and 150 GHz. The AHWP for PB-2 consists of a stack
of three HWPs.
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Figure 3.16: Picture of the gain calibrator. The calibration signal is emitted from the light pipe. Private

communication with Sayuri Takatori .

Figure 3.17: Photo of the polarization modulator. Private communication with Charles Hill.
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3.8 Technical challenges and system requirements

PB-2 has a large focal plane that mounts 7588 bolometers. To achieve the goals of our measurements, the
requirements of the thermal design and optical efficiencies are much harder than previous experiments.

According to the science requirements in Sec. EZ0, the PB-2 system has to meet the following requirements.

¢ RQ1: Thermal requirements
Table B shows the estimated heat transfer of the PB-2 cryostat, which takes cooling powers from
pulse tube coolers and a sorption cooler into account. Among the challenges described in the
previous section, we will focus on the thermal design of the PB-2 receiver system, in particular the
proper choice of IR filters in this thesis. For this purpose, we need to select IR filter system to

satisfy the requirements on the thermal loads.

e RQ2: Hold time
We will measure the CMB patches every day. For the sufficient measurements, the hold time of

the sorption cooler is required to be larger than 24 hours.

e RQ3: NET array
We need to satisfy the requirement of total array NET of 4.3 uKy/sec. One of the goals of this

thesis is to establish and demonstrate thermal design that satisfies this requirement.

e RQ4: Diffraction limited optics
The beam width of the HTT affects the sensitivity of the high multipole measurement [65]. This
is because the small scale structure of the polarization pattern beyond the angular resolution is
smeared out. When the optics reaches the diffraction limit, the beam width is minimized for a
given system. Therefore, we have to achieve the diffraction limited optics for all the pixels at the

same time.
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Table 3.2: Estimated heat transfer. This table is from Tomaru et.al, with modifications based on mea-

surements in this thesis [I6]

Thermal stage Cooling power Heat load
radiation | 8.2+4+9.7=179 W
cable 3.TW
300 K — 50 K 30430 =60 W 39.5 W 20.5 W
(PTC 40 deg.) support 0.92 W (65 %) (35 %)
optical 17 W
radiation | 0.06 + 0.07 =0.13 W
cable 0.14 W
50K - 4K 144+14=28W 0.86 W 1.94 W
(PTC 40 deg.) support 0.09 W (31 %) (69 %)
optical 0.5 W
radiation 0.5 uW
4K —-2K 250 uW cable 8 uW 10.5 uW | 239 uW
support 2 uW (42 %) | (95.8 %)
cable 0.74 uW
2K — 035K 250 uW support 2 uW 12.7 uW | 237.3 uW
optical 10 pW (51 %) | (94.9 %)
2K —- 027K radiation 32 nW
cable 4 nW
10 uW 5 uW 5 W
04K — 027K support 17 nW (50 %) (50 %)
optical 5 uW

61







Chapter 4

Development and characterization of

optical and thermal elements

Some CMB telescopes employ optical elements such as lenses and filters that are maintained at 4 K
to minimize their thermal emission [65]. Typical dielectric materials used to fabricate lenses include
polyethylenes, such as high-density polyethylene (HDPE) or ultra high molecular weight polyethylene
(UHMWPE) [66, 67, 68]. These materials are ideal because they are relatively economical and have
low loss at millimeter wavelengths. This chapter introduces four technologies, alumina lenses, alumina
filters, AR coatings with thermally-sprayed mullite and expanded polyimide (Skybond Foam), and black
body absorbers for millimeter waves (called KEK black). These optical elements are essential in the
POLARBEAR-2 experiment to meet the RQ 1 ~ RQ 4, listed in Section. B3. I have played a key role
in developing these technologies. The R&Ds of these technologies are described in this chapter.

4.1 Alumina lens

According to the RQ3 and RQ4, the required throughput should increase. Consequently, the optical
elements (lenses and filters) must be larger than ~ 30 cm, and the use of a polyethylene lens with such a
diameter is problematic for two reasons: the index of refraction (IOR) and diameter. The POLARBEAR-
1 experiment uses ultra-high molecular weight polyethylene (UHMWPE) [#3]. The IOR of HDPE or
UHMWPE is about 1.5. As the lens diameter increases, the lens becomes thicker and highly curved.
The resulting steep incident angle of radiation on the lens surface is not ideal for polarimetry. Thus, it is
desirable to find another material with a larger IOR and a higher thermal conductivity that still has low
loss at millimeter wavelengths. We also have to meet the requirement of diffraction-limited optics. To
reduce the aberration of POLARBEAR-2 receiver system, it is required to use material with the large
diameter and large IOR The typical values of the desired diameter and IOR are 500 mm and ~ 3.

Such a material may be silicon. The ACTpol experiment employs the silicon lenses [69]. The IOR
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of 3.4 in the millimeter wavelength range and thermal conductivity that is a few orders of magnitude
greater than that of plastics [70]. Although silicon is a candidate for a lens material, the size of lenses
made from silicon is limited by the size of available ingots; the largest ingot is typically about 300 mm
in diameter and the price is also very high.

We therefore propose sintered alumina, AlyOgs, as a candidate material for use in millimeter wave
telescopes at cryogenic temperatures. Alumina has already been used in radio frequency applications.
The IOR of alumina is 3.1 in the millimeter wavelength range and the thermal conductivity is similar
to that of silicon [70]. Moreover, alumina is available in the size up to about 1 m with thicknesses of
a few centimeters. Therefore, alumina appears to satisfy the required conditions for millimeter wave
applications.

However, the alumina has a high reflectance. Therefore, we have to make the anti-reflection (AR)
coating on both surfaces. The technology of the AR coating is described in the next section. In this
section, we describe newly-developed alumina lenses for the POLARBEAR-2 experiment. In our R&D,
we first characterize the alumina material property, such as IOR, loss tangent and thermal contraction.
Second, we actually make the alumina lenses and use the coordinate measuring machine (CMM) for
shape measurements and compare the results with the design value. Third, we measure focal points of
lenses and compare the results with the prediction. We explain the series of the characterization of the

alumina lenses in the following.

4.1.1 DMaterial property

Sintered alumina is fabricated by Nihon Ceratech [[71]. Table BT shows the basic properties of three
types of alumina, which we call alumina 99.5 % LD, alumina 99.9 %, and alumina AJPF. In this section,
we measure the IOR and loss tangent of these samples whose thickness and diameter are 40 mm and 50
mm, respectively. The details of samples are listed in Table.ZTl. Figure B0 shows photographs of three
alumina samples, with purities of 99.5 %, 99.9 %, and 99.99 %, and the corresponding photomicrographs.
Each photomicrograph is a montage of 1000 photomicrographs made with a focusing pitch of 0.1 pm.
The 99.5 % purity sample underwent an extra process to decrease the loss tangent in the radio frequency
range. The alumina 99.5 % LD sample has large voids (diameters of about 30 um) . The average crystal
size is 8 pm and the crystal boundaries were upon the sintering. The average crystal size of alumina
99.9 % is smaller than that of the alumina 99.5 % LD, and the melting point of alumina 99.9 % is below
that of the alumina 99.5 % LD. Moreover, the voids of alumina 99.9 %, at about 5 um are less than
those of alumina 99.5 % LD. Finally, the sample of alumina AJPF has sheen, which was obtained using

the pow-free method [71], and its crystal size was about 1 pm.

4.1.1.1 Transmittance of alumina

Measurement system The IOR and the loss tangent of AR materials are obtained from transmission

measurements. We explain the measurement system shown in Fig. E2. The millimeter wave is generated
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Table 4.1: Basic properties of three types of alumina. The purity, Young’s modulus, Poisson’s ratio, and
density are obtained from the technical data sheet of Nihon ceratech [Z1]. The crystal size is calculated from

the montage photomicrographs. The group velocity is calculated from Young’s modulus and the density.

Alumina | Alumina | Alumina
99.5 LD 99.9 AJPF
Purity [%)] 99.5 99.9 99.99
Color Ivory Cream White
Crystal size [pm] 4-10 2-4 1-2
Young’s modulus [GPa] 390 400 400
Poisson’s ratio 0.24 0.24 0.24
Density [kg/m?] 3.9 x 10% | 3.9 x 103 | 4.0 x 103
Group velocity [m/sec] || 1.0 x 10 | 1.0 x 10* | 1.0 x 10*

Alumina 99.5 LD Alumina 99.9 Alumina AJPF

Ay

Figure 4.1: Three types of alumina and the corresponding photomicrographs. From left to right, the
purities are 99.5 %, 99.9 %, 99.99 %. These samples are referred to alumina 99.5LD, alumina 99.9, and
alumina AJPF, respectively. The photomicrographs are montage of 1000 photos, each made with a focusing
pitch of 0.1 um. The structures of an alumina comprise cells of sapphire crystals. Alumina 99.5 LD and

alumina 99.9 % contain large and small voids.

65



perture

AN

Sample holder ?
v

\C Chopper Six times

7 X Sample\\ﬂ‘ L frequency
Detector I 72-108 GHzZ multiplier

, -
—> .
Stepping motor 7 \ 12-18 GHz
Liquid nitrogen Lens Signal
Polystyrene foam generator

Figure 4.2: Schematic of the millimeter wavelength transmission measurement system. The incident signal
is generated by a signal generator operating between 12 and 18 GHz, with multiplied x6, X8 and x9 by a
frequency multiplier. The multiplied signal is emitted from the horn and has a 30 degrees beam divergence.
The beam is collimated with a rexolite lens and aperture with a hole diameter of 20 mm. The beam is
chopped at 20 Hz. A stepping motor scans along the z-direction to measure the standing wave. The sample
is placed in the sample holder, which is made of OFHC copper. To measure the transmission at 77 K, the
polystyrene foam container is filled with liquid nitrogen and the sample was cooled conductively, as done in

previous research [[74].

by using a signal generator with a sixfold frequency multiplier. The frequency range of the signal
generator is between 12 and 18 GHz [72]. The multiplied frequency is between 72 and 108 GHz. The
frequency resolution of our system is 0.12 GHz. The beam is collimated by a lens and the sample is
placed immediately after the aperture. The transmitted beam is detected by a diode detector. The
signal is chopped at 20 Hz for heterodyne detection at the modulated frequency with a lock-in amplifier,
and the signal is recorded by the dedicated data acquisition system (DAQ) [73]. The detector is moved
along the optical axis for more than a half wavelength to subtract the effect of a standing wave in the
measurement setup. For each material type, we prepare a sample with a diameter of 50 mm. We measure

the power with and without the samples and take the ratio to obtain the transmission.

Fit function The transmittance of bulk sample is described as

T2,u2
T, = : 4.1
1 —2Rpu? cos(2¢) + R?u? (4.1)
4n
T = ——— 4.2
(1+mn)2’ (4.2)
(1= n)?

R = T+n)? (4.3)
uw = exp(—kondtand), (4.4)
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Figure 4.3: The measured transmittance of the alumina at 300 K. The red, green, and blue points are the
measured alumina transmittance of 99.5, 99.9 and 99.99 % purities, respectively. The dashed curves are the

best fit with Eq. (E20).

where the n is IOR the loss tangent is tan J, the thickness of the sample is d, and the wave number is

k = 2mv/c. The detail of this equation is shown in Appendix Al

Results We fit the data with Eq. (ET) to obtain the IORs and loss tangents. Figure. B3 shows the
example of the measurement. Table B2 shows the result of IORs and loss tangents for the three different

alumina at 77 and 300 K. We select alumina 99.9 as the lens material.

4.1.1.2 Thermal contraction

A thermal contraction is one of the key properties because the lens curvature radius shrinks with cooling
down to 4 K. However, the characterized temperature at 77 K is sufficiently low to estimate the thermal
contraction at 4 K because the thermal contraction is saturated below 100K. Then, the curvature between
77 K and 300 K is changed as

Rk = aRso0k, (4.6)

where « is the thermal contraction of the alumina. We define the linear thermal contraction using these

values as
L: - L
o — Lso0oK TTK (4.7)
L3oox

We measure the thermal contraction using a dial indicator as shown in Fig. BZ. First, we measure

the thicknesses of samples at 300 K (L3pox) for 10 times. Second, we measure the thicknesses of the

67



Table 4.2: Measured optical parameters of alumina. We employ the 99.9 % purity samples for lens material.

Name Temperature | Thickness Index Loss-tangent

K] [mm)] [x10~]

Alumina 99.5 LD 300 40.6310:01 | 3.144%0-005 | 37417

Alumina 99.9 300 40.04%0-01 | 3 134H0:003 | 39410
AJPF 300 40.05%0-01 | 3 187+0:005 1742

Alumina 99.5 LD 77 40.63%0-01 | 3.117+0:005 | 30411

Alumina99.9 77 40.04*+0-01 | 3.109%0-004 | 184 1.0
AJPF 7 40.05+0-01 | 3.162+0-005 1242

Table 4.3: Measured thermal contraction of the alumina between 300 and 77 K. The thicknesses were
measured with a micrometer; thus, the thickness errors correspond to the uncertainty of micrometer. The
thickness differences were measured with a dial indicator. The errors in the thickness differences correspond

to statistical errors. The samples were cooled to 77 K.

Name Thickness | Thickness difference CTE

L [mm] AL a (%]
Alumina 99.5 LD | 40.63%0-01 0.021 £ 0.002 0.052 £+ 0.004
Alumina 99.9 40.04%0-01 0.020 £ 0.003 0.051 £+ 0.007
Alumina AJPF | 40.05%0-01 0.021 £+ 0.001 0.051 £ 0.003

samples when the samples are submerged in the liquid nitrogen (L77x ). For the crosscheck, we measured
the aluminum sample, whose thermal contraction efficiency is well measured as the validation of our
measurement scheme. The result is

aq =0.33+£0.01 %, (4.8)

where we estimated the error by computing the RMS from the 10 measurements. This result is consistent
with a literature value. Table =3 shows the results of all the samples. Therefore, we conclude that the

thermal expansion of alumina is ~ 0.05 %.

4.1.2 Fabrication and shape measurement

We fabricate the three lenses, field, aperture, and collimator lenses. We chose the alumina with 99.9 %
purity as the material of the lenses because of its lowest loss tangent among the samples we tested, for
minimizing photon noise in detection bands. All the lenses are fabricated in Nihon Ceratech.

We characterize the shape of alumina lenses using a coordinate measuring machine (CMM) as shown
in Fig. B3 [I75]. The specification of the CMM is listed in Table BA. We place the alumina lenses on the

stage of CMM for 3 hours to stabilize the temperature. The thickness of lenses are measured on X axis
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Figure 4.4: The picture of the setup for the thermal contraction measurements. We place the samples
in the aluminum box. We measure the thicknesses of samples using a dial indicator. When we perform

measurements at cold temperature, we fill liquid nitrogen in the aluminum box.

and Y axis with 5 mm pitches. The measured lens shapes are shown in Fig B8 and BZ1. The red and
blue points are the measured values. These errors are propagated from the CMM statistical precision.
The lens shape is obtained as

(1/Rs00k ) 2?

where R3gox and k are the curvature radius and conic constant. Best fit results of these shapes are
listed in Table B5. These results provide us with important parameters for the alignment of lenses for

achieving the diffraction-limited optics. More details are shown in Chap B.

4.1.3 Focus measurement

The aperture lens is characterized with the system shown in Figure 3. We measure X-Y beam maps at
90 GHz with a movable detector. Waist points in the X and Y directions are estimated from measurements
of beam widths at various Z positions as shown in Figure BZ8. We plot and fit the measured beam width
at each position on the optical axis. The fit model is described as

1+ (A(ZO_OZ)>2F' (4.10)

w(z) = wo 0

The results of the beam waist measurements are 472 + 2 (stat.) & 12 (sys.) mm on the X-axis and

478+ 2 (stat.) £12 (sys.) mm on the Y-axis, where the systematic uncertainties are from the uncertainty
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Figure 4.5: Picture of the alumina lens being measured with the CMM.

Table 4.4: Specification of the CMM. The CMM is made by carl-Zeiss company [75]. The measurement
size is limited by the available sample size. Accuracy consists of arm uncertainty and sample length, L.

Maximum mass is the maximum sample weight.

Type ZEISS UPMCS50 [5]
Measurement size [mm] 850 x 1150 x 600
Accuracy 0.6 + L/600 pm

Optical table size [mm] 1000 x 1970 x 850

Maximum mass [kg] 1500

Probe diameter 2 mm

Probe weight 02N
Temperature 20 degree Celsius
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respectively. The red and blue points are the measured points. The errors are propagated from the accuracy

of probe position. The black curve in each figure shows the design value.

Table 4.5: Measured parameters of lenses. We fit the shapes of lenses using Eq.(E) as shown in Fig.Z @

and EZ4. The errors are propagated from the uncertainty of the CMM.

Curvature radius [mm]|

conic constant

Field lens (front)

1372.21 £ 0.26

—-9.978 £ 0.031

Field lens (back)

3163.41 £ 1.28

—11.58 £ 0.33

Aperture lens

633.73 £ 0.056

—2.846 £ 0.003

Collimator lens

827.21 £0.07

0.082 £ 0.004
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Figure 4.8: Left: Beam measurement system. We mounted a 90 GHz source on the optical bench and a
detector on the X-Y stage. We place an alumina lens between the source and detector. The detector moves
in a 900 x 900mm square region in the X-Y plane for measuring a beam map. The source moves in the Z
direction on the optical bench. Right: Example of the beam width measurements. We fit the data with a

2D Gaussian function to obtain the beam width in X and Y directions.
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Figure 4.9: The measured beam width in X and Y axes. The distance corresponds to the length of the
optical axis from the source and detector. We define the lens position as the origin of the horizontal axis.

Then we place the horn at -620 mm. The red and blue curves are best fits with Eq. (210).
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Figure 4.11: The schematic view of the horn

measured focus point to the index of refraction

based on ZEMAX simulation. The red and blue

model. R is the radius of the horn. zg is the dis-
tance between the focus and tip of the horn. wo and

lines are the best fit with the simulated beam waist
wq are beam waists at focus and tip. D is length of

as a function of index of refraction. The offset be-
the side of the horn.
tween two lines arises from the waist position dif-

ference between the X and Y axes (wp in Fig. E711).

of the curvature radius and the conic constant obtained with a coordinate measuring machine shown in
Table. E43.

As shown in Fig. B0, the focus point and IOR of alumina lens are directly related. Therefore, IOR
of the alumina lens is reconstructed from the focus point. We obtain 3.148 + 0.004(stat.) + 0.026(sys.)
on the X-axis and 3.128 + 0.004(stat.) £ 0.026(sys.) on the Y-axis. These results agree with those in
Table B2. Systematic uncertainties are small enough to meet the PB-2 optics requirements. Here the
offset of beam waist in the horn is corrected as follows.

In this measurement, we estimate IORs using ZEMAX simulation with assuming the parameters of

a quadrangular pyramidal horn. The beam waist in the horn is described by the following equation:

wo = Wd , (4.11)

1+ (14 722)”

where wy is the beam width at the edge of horn, A is wavelength, and R is length of the horn. The
relation of these parameters is shown in Fig. B0, Then, we can describe the beam width at edge of
horn, wy = D/2Q), where  and D are the structure constant and the length of the side of the horn. In
this study, we assume that Q2 = 2.857. Therefore, the position of beam waist in the horn depends on the

rectangular shapes with X and Y axis. The offsets of the beam waist can be written by
R
20 = 5. (4.12)
AR
1+ (2)

The estimated zg of X axis and Y axis are 6.2 mm and 2.3 mm, respectively.
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4.1.4 Short summary of alumina lens development

The PB-2 receiver system housing the large optical system requires to reduce the aberration at each
detector. To reduce the aberration, we select the alumina material. We characterize the three types of
purity samples at cold temperature. We choose the 99.9 % purity alumina as lens materials because of
most least loss tangent of the three sample and meet our requirement. We fabricate the three alumina

lenses and measured the shape and IOR. We succeed to develop and characterize the alumina lenses.

4.2 Anti-reflection coating

The anti-reflection (AR) coating is one of the key technologies for the alumina or silicon optics. The
three alumina lenses, an alumina IR filter and silicon lenslets are the material of high reflectance due to
the large index of refraction, > 3. From a rough calculation, ~ 30 % of the signal is expected to be lost
per component in case of no AR coating. To reduce the surface reflection, we place the AR coating on
the surface of materials. The PB-1 experiment also used one layer AR coating on lenslets [23]. However,
one layer AR coating does not satisfy the band width of POLARBEAR-2 experiment due to the 95
and 150 GHz detectors. We have to develop the broadband transmitted AR coating. Furthermore,
the diameter of our optical component is larger than that of other experiment. We require 500 mm
in diameter. According to the previous study, ACTpol succeeded in making two- and three-layer AR
coatings on silicon lenses, whose diameters were ~ 300 mm [76]. They succeeded using the technology
of sub-waves grading (SWQG) [77]. Tt is theoretically possible to apply this technology to an alumina
surface; however, it is difficult because the dicing blade is subject to wear and groove pitch and depth
are changed. Furthermore, to make a large ingot of silicon and machining the material are very expensive.

SPIDER used a polyimide sheet as an AR coating on sapphire, whose diameter was approximately
250 mm [[7&]. One reason they chose polyimide is that the thermal expansion of polyimide is similar
to sapphire. This method is very easy to perform and less expensive than the method of epoxy and
SWG. However, to our knowledge, there have been no recent studies for two-layer AR coating on a large
surface.

Recently, the method of thermal spraying has been proposed [79]. This is a state-of-the-art technique
for AR coating. We tried to make the mullite surface using this method. There is no cracking with the

thermal spraying as an option that enables two-layer AR coating on the large surfaces.

4.2.1 Requirements

Requirements on a AR coating for the PB-2 experiment are as follows;

e 95 % transmittance must be achieved at the detection bands, which are 95 and 150 GHz frequency

region with a 30 % fractional bandwidth.

e the alumina diameter must be extendable to 500 mm or larger;
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Figure 4.12: Left: A schematic view of the alumina IR filter configuration. The layer of mullite and
Skybond Foam are mounted on the alumina disc. Then, we sandwich the LDPE between mullite layer and

Skybond Foam layers. Right: Same as that of epoxy coating,

e the fluctuation of the optical path length with AR coating must be less than \/50, where A is the

wavelength of the incoming electromagnetic wave.

The sensitivity of the CMB experiment depends on the transmittance of AR coating in the detection
band. The thickness of the AR coating is designed to be \/4 so that the reflected beam is canceled. The

uniformity must be lower than A/50, which corresponds to a transmittance uncertainty of 1 %.

4.2.2 Epoxy option and Skybond-Mullite option

We develop two types of two-layer AR coatings, which are epoxy and Skybond-Mullite coating. Both
options meet the requirements of the AR coating. The materials of the epoxy option are Stycast 2850
and Stycast 1090, which are specialized for the cryogenic application. On the other hand, the materials
of Skybond-Mullite option are the expanded polyimide and mullite. Figure B2 shows configuration of
two-layer AR coating for two types. Our design consists of alumina that has two-layer anti-reflection
(AR) coating on both sides. The AR coating is designed to maximize the transmittance of the normal

incident radiation at two detection bands, 95 and 150 GHz, each with 30 % bandwidth.

4.2.3 Material property

We characterize the IORs and loss tangents of the AR materials with transmittance measurements. The
measurement system is described in Sec. I T1. In the following subsection, we explain the details of

AR materials.

4.2.3.1 Mullite

Mullite is one of the ceramic materials; we place the mullite on both alumina surface using the method

of thermal spraying made by the Tocalo corporation [0, 79]. The thicknesses of the alumina and mullite
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Figure 4.13: The schematic view of the effective medium theory at the mullite surface. The mullite has
an asperity surface. We can approximate an asperity surface as the virtual layer based on the EMT. The
effective IOR of the virtual layer is described by Equation (E13). This equation depends on the filling factor

which is given by the ratio between R, and R,.

are 1.98 mm and 0.235 mm, respectively. These are optimized to obtain the best value for the average

transmittance over the 95 and 150 GHz frequency bands.

We measure the transmittance of mullite at 298 and 81 K. The measured frequencies are between
72 and 140 GHz, respectively. This experiment yields a fringe pattern from the interferogram of the
alumina and mullite layers. The mullite has asperity structure, with a surface roughness R, and a ten-
point average roughness R, of 6 um (6 ym) and 36 ym (34 pm) at one (another) side, respectively. We
apply the effective medium theory (EMT) [81)] to the surface of mullite as follows:

21 — 2 _ 2 2 N2
Neff = Nm ( f)(2no nm) + 7/LO + T;m’ (413)
203, +ng + (1= f)(nd, —ng)

where neg, N, and ng are the effective IOR, IOR of mullite and vacuum, respectively, and 1 — f is the
filling factor. We can approximate the asperity surface as the virtual layer from the EMT as shown in
Fig. B13. The f of the EMT layer is equal to R,/R,. The estimated IOR and loss tangent with and
without EMT are shown in Table B8 and Fig. EZT4. The model with EMT is fitted better with measured
data, and we employ the model to derive the IOR and loss tangent in the 95 GHz band.

We measured the IOR and loss tangent of mullite within the 95 GHz band. The results of uniformity
for IORs and loss tangents are shown in Fig. BT9. The definitions of the measured points are shown in

Fig. T9. Each IOR and loss tangent are consistent within the statistical error.
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Table 4.6: The basic properties of mullite with and without EMT.
TK] n tand [x1073] | x2/N
without EMT | 298 | 2.35%0-03 36.8%3:3 163.7/42
81 | 2.34+0.04 30.9%3:5 193.0/42
with EMT 298 | 2.53%0-03 13.2%17 98.3/42

81 | 2.51%003 5.4%34 80.4/42
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Figure 4.14: The transmittance of alumina with mullite coating at 298 K (top) and 81 K (bottom). The
alumina and mullite thicknesses are 2.00 and 0.24 mm. The error bars correspond to systematic errors from

fluctuation of the millimeter source.
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Figure 4.15: Photomicrograph of Skybond Foam. The filling factor is between 10 and 90 %. The bubbles

are pressed with a 10 ton weight when the sample is made and the unit cell size is 10 — 20 pm.

4.2.3.2 Skybond Foam

The Skybond Foam is an expanded-polyimide, which is manufactured by the IST corporation [82].
Figure B3 shows a photomicrographs of the Skybond Foam, for which the filling factors are between
10 % and 90 %. The filling factor is the volume-filling fraction of the polyimide in the mixture, which
can be controlled from 10 % to 90 %. Each cell of the Skybond Foam has a typical size of 20 ym. In
general, the IORs and loss of the material depend on the filling factor [83]. We measure the IOR and
loss tangent of Skybond Foam with each filling factor between 10 and 90 % (10, 20, 30, 50, 60, and
90 %). Results are shown in Fig. ET8. The results of IORs measurement are fitted with Eq.(E2T3). The

estimated phenomenological parameters of the EMT curves are

no = 1.049 £ 0.005 (4.14)

T = 1.748 % 0.006, (4.15)

The dimensions of each sample are 100 mm x 100 mm x 10 mm.

4.2.3.3 Epoxy

The two-layer AR coating consists of the epoxy glues, Stycast 2850 F'T and Stycast 1090, manufactured
by Emerson and Cuming |84, 72, 57]. When we use Stycast, we mix catalyst and Stycast. Then we make
a thin layer on the alumina surface. We use catalyst 24 LV and 9 M with Stycast 2850 and Stycast 1090.
We measure the transmittance of the disc of the Stycast samples as shown in Fig. BZT4. The thickness is
measured with the micrometer as listed in Table BZ4. The measured transmittance is shown in Fig. E-TS.

We estimate the indices and the losses from the transmittance measurement with Eq. (). The results
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Figure 4.16: Uniformity of IOR (top) and loss tangent (bottom) as a function of filling factor. The sample
is measured at 298 K or 81 K. The error bars in the x axis correspond to systematic errors from millimeter

source fluctuation. The black curve shows the best fit.

are listed in Table EZ4.

4.2.4 Fabrication
4.2.4.1 Mullite and Skybond AR coating

We describe the fabrication recipe of Mullite and Skybond AR coating. The recipe of the following

process is found elsewhere [I78].

Table 4.7: Index and loss tangent of epoxy between 72 and 108 GHz for each 1.2 GHz step. We fit the
transmission spectrum by using Eq. (BX0I). The dominant uncertainty is due to the gain drift of the amplifier

in the synthesizer, which arises from the temperature fluctuation.

Name Temperature Thickness Index Loss-tangent

K] [mm] [x10-2]
Stycast 2850FT 300 3.38+0.01 | 9 194+0.006 | 1 .88 4 (.04
Stycast 1090 300 6.85%0-01 | 14350005 | 2 46 4+ (.01
Stycast 2850F T 77 3.38+0.01 1 9.196+0-003 | (.33 +0.02
Stycast 1090 7 6.85+0-01 | 142940006 | 57 + (.02
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Figure 4.18: Transmittances of the two types of epoxies as a function of the frequency in the millimeter-
wavelength range. Sample temperature of the left (right) figure was 300 K (77K). The red and blue points
are samples of Stycast 2850FT and Stycast1090, respectively. The dominant error is due to the gain drift
of the amplifier in the synthesizer, which arises from the temperature fluctuation. The two curves show the

best fits for each sample. The results of the fits are listed in Table BEZ2.
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the measured point number. The mullite and Skybond Foam are measured with a millimeter wave source
whose frequency ranges from 72 to 110 GHz. The sample is placed at 298 K. The error bars in the x — axis

correspond to statistical errors.

Stepl We place the Mullite layer with thermal spraying on both sides of the alumina. The thickness
is 0.235 mm as shown in Table B—3.

Step2 We place the bond layer, which is a sheet consisting of a 30 pm-thick layer of low-density
polyethylene (LDPE) at the both sides. Each of the bond layer is sandwiched by the Skybond Foam
and mullite layer. We employ the 60 % Skybond Foam as the AR material for the alumina filter. The
thickness of the Skybond Foam is 0.39 £ 0.02 mm. Then, the surface of Skybond Foam is machined with
a milling machine, whose blade thickness and rotating speed are 4 mm and 6000 rpm, respectively. The

uniformity of the thickness is improved by a factor of two through the machining process.

Step3 The stack of Skybond Foam, mullite and alumina is baked in an oven. Then, we sandwich the
stack layer with a 10 mm thick aluminum board and press this board using lead blocks with a pressure
of 3,000 N/m?. We start the bake cycle by slowly ramping up from room temperature to 160 degree
Celsius over 6 hours to avoid thermal shock. The oven spends 6 hours at 160 degree Celsius and then
another 6 hours ramping back down to room temperature.

Furthermore, we run a thermal cycle test from 300 K to 77 K with conductive cooling. The AR
coating passes the thermal cycle test over ten times. None of the results show cracks with thermal

contraction.

81



Table 4.8: Basic properties of alumina and AR materials. The thickness d, the IOR n and the loss tangent

tan § are listed. All values are taken from our measurements. Our measurements for n and tand are taken

at the temperature of liquid nitrogen, whereas the thickness values are taken at room temperature. The

optical properties of alumina are measured using a variable millimeter wave source between 72 and 140 GHz.

We derive the index and loss tangent from the transmittance as a function of the wavelength as described

elsewhere [I¥, 7]. The errors include both statistical and systematic uncertainties. The systematic errors

arise from the uncertainty of the AR thicknesses and the fluctuations of the measurement system due to the

temperature variation.

Material Temperature d n tan o
[mm] K] [x107]
Alumina 298 1.98F001 | 3 144+0.005 | 3 717
Mullite 298 0.235%0:015 | 9 517+0.02 | 191+16
Skybond Foam 298 0.39%0-02 | 1.436+0:025 | 120%2
Alumina 81 1.98+0:01 | 3 117+0:005 | 3 o1l
Mullite 81 0.23510015 | 9 461+003 | 53+10
Skybond Foam 81 0.39%0-02 | 1,425+0:025 | 95+l

4.2.4.2 Epoxy AR coating

The Epoxy AR coating consists of two layers, Stycast 2850 and Stycast 1090. We explain the recopy of

Epoxy AR coating. The recipe of the following process is found elsewhare[RH].

Stepl
CMM.

Step2

Before we place the epoxy on the alumina surface, we measure the shape of the lens with the

The Stycast2850 is deposited on the surface of alumina. The until-curing epoxy is roughly

pressed tol mm thickness using a aluminum mold.

Step3

Step4

Step5

Step6

Step7

Step8

We use a milling machine for thinning. The designed thickness is 0.28 mm.

We measure the AR shape with the CMM and characterize the thickness uniformity.

The Stycast1090 is deposited on the surface of Stycast2850.

We use a milling machine for thinning down to 0.42 mm thick.

We measure the AR shape with the CMM and characterize the thickness uniformity.

We cut the AR surface with a laser cutter to reduce the curing stress. The groove width and

thickness are 0.025 mm and 0.70 mm.
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Figure 4.20: The transmittances of the IR filter as a function of the frequency. The sample is kept at
298 K (top) and 81 K (bottom). The dashed line is the prediction with 1-o error, which includes the errors

in the construction parameters given in Table IS

4.2.5 Transmittance

We measure the transmittance of the AR coating with the same setup described in Sec. I at room
temperature and at 81K cooled with liquid nitrogen. The diameter and thickness of the sample is 50 mm
and 2 mm. The thicknesses of the alumina and AR layers are listed in Table B8 . Figure shows the
result. The dashed line is the prediction with EMT, which is obtained from the parameters and errors
listed in Table EZ8. The estimated transmittances are 95.9 % and 95.8 % in the 95 GHz and 150 GHz
bands, respectively. Because this alumina is very thin, we can neglect the loss of alumina. Therefore,

the measured transmittance of AR coating meets our requirement of 95 %.

Table 4.9: Measured uniformities of Skybond Foam and mullite. These values are the mean and rms of

the uniformity of thickness, d, and index, n, as shown in Figs. 22 and ET9.

d d n n Optical path

foon] | ransfmm] rms | length [m]
Mullite 0.251 0.010 2.461 | 0.063 0.016
Skybond Foam | 0.391 0.008 1.425 | 0.020 0.009
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Figure 4.21: An alumina filter with a two-layer AR coating at both surfaces. The sample diameter is
460 mm and the AR layers are extended to a disc with a diameter of 440 mm. This means that the a
10 mm thick ring from the edge of the filter is without IR layers, and is used as the mount region to cool

the alumina filter directly.

4.2.6 Uniformity of the coating

We place the Skybond foam and mullite AR coating on both surfaces of the alumina disc. The diameter
of AR coating is 460 mm. We require that the uniformity in the optical path length is better than A/50.

We characterize the uniformity of the thicknesses of mullite and Skybond Foamusing a coordinate
measuring machine (CMM). The results are shown in Fig. -2Z2. We calculate the optical path length in
both mullite and Skybond Foam with the measured IOR, and thickness. These fluctuations are less than
A/50 as shown in Table Z9. We characterize the uniformity of the IOR using four samples independently.
All IORs and loss tangents agree within statistical uncertainties. The IOR and loss tangent of the thick

Skybond Foam and sheet are also consistent within one sigma error.

4.2.7 Short summary of AR coating development

We develop the new two-layer AR coating to reduce the refraction of high IOR materials, such as Alumina,
Silicon, and Sapphire. We employ the Mullite and Skybond Form 60 % as AR materials. The maximum
diameter of coating is 530 mm corresponding to that of the collimator lens. The measured uncertainty
of optical path length (§(nd)) meets our requirement, less than A/50. We also develop the Epoxy two

layer AR coating. We avoid the thermal contraction mismatch using stress relief grooves [I8, B5]. Both
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Figure 4.22: Thicknesses of the mullite and Skybond Foam layers which are characterized by CMM to
an accuracy of 2 um — uncertainty. The red and blue points are the characteristic directions of the X and
Y-axes, respectively, where the position is the distance from the filter center. The acceptable thickness
uncertainties of mullite and Skybond Foam are 0.022 and 0.037 mm, respectively. The error bars correspond

to systematic errors of the thickness rms of alumina. These results meet our requirements.

of coatings are employed to PB-2 AR coating.

4.3 Alumina filter

We address the scalability in diameter based on our results and discuss the cryogenic compatibility. Some
of the next generation CMB experiments need a window diameter of 500 mm or larger. The cooling
power of the PB-2 receiver and expected optical heat load are summarized in Table B2 [I6].

PB-2 requires the filter size of 460 mm in diameter that is mounted at the 50 K stage. This filter
absorbs the emission from the window. The PB-2 window is assumed to be made of Zotefoam, which
absorbs the IR radiation efficiently. Thus, the dominant heat source to the 50 K and 4 K stages is the
thermal emission from the room temperature window that is radiatively cooled to around 200 K at the
inner surface. The estimated power from the window is about 17 W. We need to remove this heat at the
50 K stage before it reaches the 4 K stage by using the cooling power.

The temperature of the filter with a given diameter is determined by the thermal conductivity and
the thickness. Although the thicker filter conducts the heat away from the filter more efficiently, the
absorption of the incident radiation at the detection band increases with a thicker filter. Therefore,
thickness is not a free parameter we can choose for a better thermal performance. When the thickness
of the filter is determined, the temperature of the filter equilibrates based on the conductance and
the emissivity of the filter. When the temperature of the filter is significantly higher than the edge

temperature, the filter itself becomes an emissive element that contributes significantly to the 4 K stage.
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4.3.1 Requirements

We develop an alumina filter with a diameter of 460 mm and characterize its thermal and optical

properties. The goals are to meet the following requirements for the PB-2 experiment.
e 3 dB cutoff frequency below 1 THz to cut IR radiation effectively;
e the filter diameter must be extendable to 450 mm or larger;

e the temperature rise less than 10 K.

4.3.2 3 dB cutoff

We measure the 3 dB cutoff of the alumina filter using a Martin-Puplett Fourier transform spectrometer
(FTS). A detailed description of this FTS is available elsewhere [86]. We measured the transmittance
from 250 GHz to 1500 GHz at 300 K and 19 K. We placed the disc-shaped sample in the FTS system with
a crossing beam. Then, we measure the interferogram with the test sample. As a reference, we also took
data without the test sample. We Fourier-transformed interferogram of the data with the sample and
the reference data. The transmission spectra are calculated from the ratio between them. We measured
samples of mullite and Skybond whose parameter is shown in Table. BE8. Figure B=23 shows the measured
spectra. The estimated 3 dB cutoffs are 450 and 700 GHz at 298 and 19 K. Both the results show that the
transmittances at the cold temperature are higher than that of the room temperature. This is because

the losses from alumina and AR coating materials become lower at the lower temperature.

4.3.3 Thermal conductivity
4.3.3.1 Experiment

The thermal conductivity was measured over a temperature range from 4 to 100 K. Figure shows a
schematic view of the experimental setup. The samples were 2 mm x 30mm x 100 mm. For each given
sample, one end was mounted on a cold plate directly connected to a cryogen tank that was filled either
with liquid nitrogen or liquid helium to cover the temperature ranges. A silicon-diode thermometer and a
resistance heater were mounted on one end of each sample via OFHC copper plates. Resistances of 100 2
or 20 kQ were used for the measurements at LN (T > 77 K) and LHey (4 K < T < 77 K) temperatures,
respectively. A second silicon-diode thermometer was mounted on the cold plate. We apply the heated
one end of each sample via the resistor and recorded the temperatures given by the two thermometers.

We extracted the thermal conductivity x by using

P = % / w(T)dT ~ %R(T)AT (4.16)
L P,

where P,; is the electrical power dissipated by the heater resistor.
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Figure 4.23: The transmittance of the IR filter at the THz band. The crosses represent the sample
temperature of 295 K and the open circles represent 19 K. This sample has two layers of AR coating:

mullite and Skybond Foam.

To verify the apparatus, we used it to measure thermal conductivity of a stainless-steel sample
(SUS304). The result agrees with the published value within one-sigma, which confirms that the mea-
sured thermal conductivity is not dominated by the contact resistance [87]. The measured thermal
conductivities are shown in Fig. B22Z3. The measured and literature values are inconsistent because the

grain size of the alumina is different. The detail of this discussion is shown in Appendix Ol

4.3.4 Thermal gradient of filter

We measure the temperature distribution of the alumina filters when they are used as IR filters in a
cryostat. The diameters of two samples are 460 mm and 100 mm. The thickness is 2 mm for both
samples. Figure shows the measurement configuration. The prototype filter is mounted on a 77 K
shell that is located just below the Zotefoam window. We mount the four silicon diode thermometers on
the filter as shown in Figure B228. The size of thermometers is 1 mm x 2 mm x 3 mm. The absorption of
the thermometer is less than that of the filter, so that the temperature of the thermometer only depends
on the filter temperature. Figure =27 shows the radial temperature profile of the filter. The measured
temperature rise from the edge to the center is 0.26 £ 0.13 K (2.30 + 0.13 K) for the filter with 100 mm

(460 mm) in diameter. Here each error is from calibration accuracies of the thermometers.
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Figure 4.24: Schematic view of apparatus used to measure thermal conductivity. The sample was sand-

wiched between two copper plates and mounted on a plate held at 4 or 77 K.
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Figure 4.26: The schematic view of the temperature distribution measurement.

4.3.4.1 The model of temperature distribution

We construct the thermal model for the temperature profile in order to make a comparison between the
measured results and the expected temperature distribution. The difference of the temperature between
the center and the edge can be written analytically as

R2_,r2

AT(T‘) = T(T) — Tedge = PconW’

(4.18)
where T¢q4e is the edge temperature, ¢ is the filter thickness, and & is the thermal conductivity of alumina,
R and r are the radius of the filter and the radial distance from the center [R¥]. While the filter has
two-layers of AR coating, we neglect them in our thermal model because they do not contribute due
to the significantly lower thermal conductivities and thicknesses than those of alumina. The conducted

power, P,..,, from the filter to the thermal bath is assumed as

Pcon:Pin_PradNPin; (419)

where P;, is the incident absorbed radiative power from the window, and P,.q is the emissive power
from the filter surface. The modeled temperature distributions are over-plotted in Fig. B=Z4. The results
of temperature rises meet our requirement. For comparison, we also measure the temperature of a filter
made of PTFE that has the same geometry as the prototype alumina filter. The PTFE filter is 2 mm
thick. The temperature difference with the PTFE filter is over 100 K which is significantly larger than
that of the alumina filter.
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Figure 4.27: The temperature distribution across the 100 mm alumina filter is plotted as a function of
the radial distance from the center of the filter. The offset of the temperature is removed and the offset is
the edge temperature of 90.3 K and 50.3 K. The crossed points are the measured values with the error bars
estimated from the calibration accuracy. The expected region is also shown in the plot, which is not a fit

but is based on the thermal model with the basic parameters.

4.3.5 Short summary of Alumina filter development

The large optical system of PB-2 needs the large optical window. The large optical window allows the
large emission to the cold optical system. To reduce this emission, we newly developed the alumina
IR filter, whose cutoff is 700 GHz at 19 K. The thermal conductivity of the developed filter is three
orders of magnitude larger than that of conventional filter. Thanks to the high thermal conductivity, we
achieve to suppress the temperature rise between edge and center of thefilter. The temperature rise is

only 2.3 £ 0.1 K. This number is much less than that of conventional filters.

4.4 Millimeter absorber

Almost all the CMB experiments employ the absorber to block the stray light and define beam edge.
Typical materials of absorber fall into two types. One is a foam type, such as HR-10 or AN 72. Another
is solid type, such as bock black or CR-112.

The foam absorber has an advantage of the low reflection and high absorption. However, the thermal
conductivity of the foam absorber is very low. It implies that the temperature of the absorber rises even
with very faint radiation. In contrast, solid absorbers in general have much higher thermal conductivity
than foam ones. However, they have high reflectance in millimeter wavelength regions due to their high
index of refraction (IOR).

In this thesis, we explain a new type of the absorber that has high absorption, low reflectance and is
easily shaped in any form. We call the new absorber “KEK black”. The KEK black consists of carbon
black base containing powder beads made of expanded Polystyrene foam. Powder beads are provided by
MOGU company. Their typical diameter of the powder beads is 0.5 mm, which is similar to the typical

size of Mie scattering. When light rays enter the absorber, they are Mie-scattered multiple times. The
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Table 4.10: The recipe of measured samples.

Sample name | Stycast1090[g] | Catalyst9[g] | Carbon black[g] | Powder beads]g]
A 10 0.9 2 0.0
B 10 0.9 2 0.1
C 10 0.9 2 0.5
D 10 0.9 2 0.7
E 10 0.9 4 0.0
F 10 0.9 4 0.1
G 10 0.9 4 0.5
H 10 0.9 4 0.7
I 10 0.9 6 0.0
J 10 0.9 6 0.1
K 10 0.9 6 0.5
L 10 0.9 6 0.7

optical path length gets longer as a result. Since the carbon black is an efficient absorber for millimeter

waves, KEK black works as a very good absorber.

4.4.1 Fabrication and measured sample

In this section, we explain the fabrication method of the KEK black as follows.

Stepl The Stycast 1090 is mixed with catalyst 9.

Step2 We add the carbon black to the until-cured Stycast and mix until clay-like.

Step3 We add the powder beads and mix until the powder beads are distributed uniformly.

Step4 The mixed clay is cured for 1 day.
The recipe of measured sample are listed in Table B10. We make 12 types of KEK black with different
compositions of the carbon black and powder beads. Additionally, we measure the Bock black [89] and

CR112 [57] as conventional absorbers.

4.4.2 Transmittance in millimeter wave length

We measure the transmittance of KEK black in the millimeter wavelength. The measured frequencies
are between 72 to 146 GHz, where the optical sources we used are x9 and x6 frequency multipliers.
The setup of the measurement system is shown in Fig. 2. The measured transmittance is shown in

Fig. B28. The thickness of all the samples is 2 mm.
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Figure 4.28: The measured transmittance of the KEK black. The measured frequencies are between 72 to
146 GHz. Each error is statistical due to gain fluctuations. The first panel shows the transmittance of Bock
black, where error bars show +10 uncertainty. From second to fourth panels are results of KEK black. The

details of the sample are listed in Table. EIT.
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Figure 4.29: The pictures of black bodies.

4.4.3 Transmittance at the sub-millimeter wavelength

The transmittance spectra of 2 mm thick samples of G are shown in Figure B=30. We measured the
transmittance from 250 GHz to 1500 GHz at 300 K and 19 K. We placed the disc-shaped sample in
the FTS system with a crossing beam. Then, we measure the interferogram with the test sample. As a
reference, we also took data without the test sample. We Fourier-transformed interferogram of the data
with the sample and the reference data. The transmission spectra are calculated from the ratio between

them. The measured samples are KEK black, bock black and CR112 as shown in Fig.

4.4.4 Reflectance

Measurement system We explain the measurement system for reflectance measurement as shown
in Fig. B30. The millimeter wave is generated by using a signal generator with a sixfold frequency
multiplier. The frequency range of the signal generator is between 12 and 18 GHz. The multiplied
frequency is between 72 and 108 GHz. The frequency resolution of our system is 0.12 GHz. The beam
was collimated by lenses. The reflected beam is detected by a diode detector. The signal was chopped
at 13 Hz for heterodyne detection at the modulated frequency with a lock-in amplifier, and the signal
was recorded by a DAQ. The detector was moved along the optical axis for more than a half wavelength
to subtract the effect of a standing wave in the measurement setup. For each material type, we prepared
a sample with a diameter of 50 mm and thickness of 2 mm. The sample is mounted on the aluminum

plate. We measured the power with and without the samples and took the ratio to obtain the reflection.

Measurements and results We measure the reflectance of 8 samples and a conventional absorber.
The setup for the measurement is shown in Fig. B=31. The incident signal is generated by a signal
generator between 12 and 18 GHz, multiplied sixfold by a frequency multiplier. The multiplied signal
is emitted from the scalar horn that has 10 degree beam divergence. The beam is collimated with a
UHMWPE lens and an aperture with a hole size of 4 cm. The beam is chopped at 16 Hz. The sample

is placed in the sample holder made of aluminum. The beam is refracted on the samples or aluminum
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Figure 4.30: The measured transmittance of absorber. The measured samples are KEK black, Bock black
and CR112. The sample thickness and diameter are 2mm and 20 mm. Measurements are carried out at

300 K.

surfaces. The reflectance of aluminum is assumed unity. The refracted beam is also collimated with a
UHMWPE lens and detected. The rejected signal interferes with the sample surface and the other side
of the surface, which is in contact with the aluminum plate snugly. The measured reflectance is shown

in Fig. 232 and B33 .

4.4.5 Short summary of millimeter absorber development

We newly invent the absorber, ‘KEK black’. We compare it with conventional ones, where we tried
various recipes for producing the KEK black. The performance with any recipe we tried is better than
that of the conventional absorber. The reflectance of many power beads sample tend to be less than
that of others. However, the sample of C(G) and D(H) are not different significantly. The reflectance
with a high carbon concentration tends to be higher. Therefore, we conclude that sample G has better
performance in millimeter wavelengths. The transmittance of sample G is less than 10 % when we use
a 2 mm thick sample. The transmittance in sub millimeter wavelengths is less than 1 %. The averaged
reflectance of sample G is less than 20 %, which is sufficiently less than that of the conventional absorber.

We have decided to place a 4mm thick KEK black at the inner surface of 4 K shell.
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Figure 4.34: Contour plot for thickness optimization of mullite and Skybond foam AR coating. The color
chart shows the average transmittance of 150 and 95 GHz with fractional bands. The rectangular box and
red point are A\/50 requirement and best design. The black points represent measurements and error bars

as listed in Table B9.

4.5 Discussion

4.5.1 Optimization of AR parameters

The thickness of two-layer AR coatings for alumina lenses and alumina filter should be optimal when
we assume to fix the IOR. We calculate the average transmittance with 95 and 150 GHz bands for each
thickness combination. Figure is the contour plot in the parameter space. Our design requirement
on the thickness uncertainty is A/50 which is corresponding to square on Fig. E=34. As you see, the
transmittance uncertainty is less than 1 % in the square, which is satisfactory. Furthermore, error bars

in Fig. are less than the area of square. Therefore, we conclude that transmittance uncertainty is

less than 1 %.
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4.5.2 Emissivity of AR coating

We estimate the emissivity of the alumina filter using the construction parameters given in Table I8 .
The estimated reflectances are 2.2 % and 1.1 % at 95 GHz and 150 GHz bands. The emissivity, €, is

estimated by the following equation:
e=A=1-R(d,n,tand,v) — T(d,n,tand,v), (4.20)

where A, R and T are the absorption, the power reflectance, and the transmittance of the filter, respec-
tively. The estimated emissivities of the alumina filter are 2.0 % and 3.1 % in the 95 GHz and 150 GHz

bands, respectively. This values will be used in Chap. @.

4.5.3 Application of two-layer AR coating

We apply the technologies of AR coating to the PB-2 optics. We place the two-layer AR coating on the
silicon lenslet, alumina lenses and alumina filter. Figure B33 shows the configuration of AR coating in
the PB-2 receiver system. We place the Skybond foam and mullite AR coating on the flat surfaces. The
epoxy AR coating is placed on the curved surfaces. Figure E=38 shows the pictures of AR coating of

collimator and aperture lenses.

4.5.4 Incident angle

We study the AR transmission by incident angles. The component of the electric field parallel to this plane
is defined as transverse-magnetic (TM) wave and the perpendicular to this plane is defined as transverse-

electric (TE) wave. The transmittances of TM and TE waves are different although it becomes the same
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is placed on the first and the second layers.

E 7 = = — - E W/ =
0.9 7/ 0.9F e
0.8E4// - 0.8
E// E
07§ 0.7F
@ E @ E
g osf- g2 o6f
s E s E
£ E E E
3 .5 E .5
@ E @ E
§ o04f § o04f
= F— 0deg = F—: 0deg
0.3f 0.3F
EF— 10deg E— 10 deg
20deg 0.2=-20 deg
30 deg 041 E— 30 deg
40 deg E.—{40deg
100 160 180 h-T) 100 160 180

120 140 120 140
Frequency [GHz] Frequency [GHz]

Figure 4.37: Calculation of the transmittance curves when we change the incident beam angle. The left

and right figures are transmittances of TE and TM waves.

number at an incident angle of 0 degrees. Figure B30 shows TE and TM transmittances. In our case,
the incident angle of AR coating is less than 20 degrees. Therefore, the difference of two transmittance

is ignorable.

4.5.5 Temperature rise of the filter

We construct the thermal model based on the thickness and thermal conductivity of the filter. The
incident power from the window is absorbed by the alumina filter, whose power conducts to filter edge
and re-emits from the filter surface, respectively. The emissivity of the filter is assumed to be unity in the
IR band. Figure shows the radial temperature profile of the filter for various materials, including
alumina, when the filter diameter is 500 mm and the edge temperature is anchored at 50 K. We compute
for various values of xt in Eq.(EI8). The IR filter using alumina with the thickness of 2 mm corresponds

to kt = 244 mW /K. When the alumina filter is used for PB-2, the expected excess temperature at the
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Figure 4.38: The temperature difference of the alumina filter is shown as a function of the radial distance
of the filter. In our model, we assume that the edge temperature is 50 K, the temperature of a Zotefoam
window is 200 K, the emissivity of the filter is 1, and the emission from the filter is uniform. Each curve
corresponds to st = 1,10,100,1000 in the unit of [mW/K]. A 2 mm-thick alumina and 20 mm-thick PTFE
yield kt = 244 mW /K and 2 mW /K, respectively [[8].

center of the filter is less than 6 K from the edge temperature. By contrast, the temperature difference of
conventional filters such as polyethylene, Nylon, and PTFE is ~ 120 K and the corresponding re-emission
from the filter itself is about 2 W that is significant amount to the available cooling power at the 4 K
stage. On the other hand, the expected transmitted radiative power and the re-emitted power from the
alumina filter are 20 mW and 45 mW, respectively. These are small enough compared to the cooling
power at the 4 K.

We also explore the filter temperature as a function of the filter diameter up to 1000 mm as shown
in Fig. B339. The lower the value of xt is, the steeper the temperature rise is due to the limited thermal
conductance of the filter. For the case of low kt, it is seen that the temperature approaches asymptotically
to the value determined purely by the radiative heat exchange. The IR filter made of alumina is on the

other hand still effective for a diameter beyond 500 mm.

4.6 Summary

In this section, we explain the development and characterization of the key technologies for PB-2 exper-
iments. These technologies play a critical role to achieve the Rql~Rq4.
The PB-2 system with the large optical system has to reduce the aberration at each detector. To

reduce the aberration, the alumina material is selected. We employ the 99.9 % purity alumina that meets
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Figure 4.39: The temperature of the alumina filter is shown as a function of the filter diameter. We assume

that the edge temperature is 50 K, and temperature of a Zotefoam window is 200 K [IX].

our requirements on loss, IOR, and the ingot size. We fabricate the three alumina lenses and measured
the shape and IOR. We succeed to develop and characterize the alumina lenses using a CMM and a
millimeter source.

We develop the two-layer AR coating for high IOR materials, such as alumina, silicon, and sapphire.
We employ the combination of mullite and Skybond Foam with a filling factor of 60 % as the AR coating
on flat alumina surfaces. The 2-layer epoxy coating technique has been adopted on curved alumina
surfaces. The maximum diameters of AR coatings are 530 mm corresponding to that of the collimator
lens. The measured uncertainty of the optical path length (6(nd)) meets our requirement, i.e. less than
A/50.

The PB-2 experiment needs the large optical window. The large optical window allows the large
emission to any other cold optical system. To reduce this emission, we newly developed alumina IR
filters. We have confirmed with measurements that the transmittance, the 3 db cutoff (700 GHz) and
temperature rise (2.3 + 0.1 K) all satisfy our requirements.

We newly invent the absorber, ‘KEK black’. We compare it with a conventional absorber, where
twelve different recipes for KEK black have been tried. The performance with any recipe we tried is
better than that of the conventional absorber. In particular, the performance of sample G is better than
that of other samples. We have thus decided to place the 4mm thick absorber at the inner surface of

4 K shell of the PB-2 receiver system.
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Chapter 5

Beam simulation

In this chapter, we describe the optical design and simulation of the PB-2 system. The PB-2 optical
system consists of the off-axis Gregorian telescope and the alumina optical system. The focal plane of the
Gregorian focus is not telecentric. To achieve the telecentric focal plane, the alumina lenses are used as
re-imaging lenses. These optical systems are employed in some CMB experiments, such as SPT-3G [60]
and ACT [1]. The optical system should be able to achieve the diffraction limit. When the diffraction
limit ibreaks, the aberration becomes large. The large aberration of the optical system causes the serious
degradation of the angular resolution. In particular, the worse angular resolution results in the sensitivity
loss in the high multipole (i.e. small angular scale) regions.

All the detectors must satisfy the diffraction limit. The sensitivity of the PB-2 is shown in the
Eq.(29), which is assumed to employ a diffraction limited Gaussian beam. Our requirements for the

beam width are
e 3.5 arcmin (for 150 GHz),

e 6.0 arcmin (for 95 GHz).

In this chapter, we discuss the beam width projected on the sky with a simi-analytical approach. In
Section B, we explain the calculation of the beam with the aberration. In Section B2, we describe the
simulation method of PB-2 optical system. In Section B3, we discuss the aberration with the convoluted

beams. In Section B4, we calculate the beam effect on the CMB observation.

5.1 Aberration and beam width
We discuss the beam calculation with aberration. In general, the beam with aberration is expressed as

w= [ /d exp (—ikWV (¢, 7)) déds, (5.1)

where W (&, 7) is wavefront aberration and d is an iris diameter. £ and 7 are arbitrary position on the

iris coordinate. The Strehl ratio is defined as a ratio of beam peaks between the diffraction-limited beam
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Figure 5.1: Configuration of coordinate for defocus aberration.
and aberration beam:
1 2
R= ———uw|". (5.2)

(f fd dédn)

In this section, we assume that all the aberration is defocus, which is generated by miss alignment. In
a real system, the major miss alignment is caused by the thermal shrinking through the optical axis.
Therefore, this calculation is regarded as a good approximation. We define parameters as shown in
Fig. B

p is a radius of iris coordinate defined by p? = €2 + n%. To define the aberration, we place the x — y

2

coordinate as 72 = 2% + y2. When the focus moves to Az by the aberration, the lateral aberration is

seen as
Ar:Aztana:Azl_ipr = —Azagp\/l—p. (5.3)
Therefore, the defocus aberrations are described as
OW (&, n)
A =——— 7 5.4
(&) % (5.4)
oW (&,
Byl = - 28D, (55

We obtain the following equation:

W(&,n) = Azy/1 -2 —n2 (5.6)

Redefining the focus as the origin, the above equation becomes

W(E,n) = —Az (1 V1o - nz) . (5.7)
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To generalize the lens model with the index of reflection, n, we yield

W(E,n) = —nAz (1 VP s 772) (5.8)

n2

The wavefront is described as
ra?
—|Az| ), 5.9
i) (5.9)

where a is the numerical aperture, A is the wavelength. We use Eq.(6dl), Eq.(ER) and Eq.(63) to express

SR = exp (—

beams with aberration. Figure b2 and B=3 show the calculated beam as a function of Strehl ratio.

5.2 GRASP Simulation

We simulate the far field beam with GRASP. [[9] The GRASP is a widely-accepted simulation tools
for physical optics. The GRASP can simulate the polarized electric field. The GRASP generates the
Gaussian beam from the feed horn. The beam excites free electrons on the mirror and generates the
current density distribution. The current density distribution generates the secondary electric field.
The secondary electric waves then generate the current density on the primary mirror. Finally, we can
calculate the re-emitted beams on the primary mirror.

In the simulation, we discuss the Gregorian optical system, which obeys the Mizuguchi-Dragone
condition. We assumed to place the feed horn at the Gregorian focus. To be exact, we should include
the alumina optical system for the calculation of the cross polarization. For exact simulation of the
cross polarization, we usually use the QUAST [63] option, which is an add-on software for the GRASP
package.

The main goal of our study is the estimation of the beam width with aberration. The resolution
depends on the shape of the main beams. The initial parameter of GRASP is estimated with combination
of HFSS and ZEMAX simulation. We simulate the beam pattern of the sinuous antenna with a lenslet
at 95 and 150 GHz using the HFSS simulation as shown in Fig. B4. The antenna and lenslet model is
developed by Aritoki Suzuki.

The beam pattern of the focal plane is projected to the Gregorian focus with ZEMAX simulation.
We calculate the transfer function from the ZEMAX simulation. We estimated the initial condition of
GRASP simulation with HFSS simulation at 94 and 148 GHz. The assumed parameters are shown in
Table. B. The constructed mirror position is shown in Fig. B23. We simulate the far field electric wave
distribution as shown in Fig. b8

The intensities of the beams in Fig. b@ are calculated with
I =E,E; +E/E,. (5.10)

We also estimate the Q,U components using Eqs. (E63) and (264).
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Figure 5.2: The beam at 95 GHz is calculated with the analytical method. All the beams are with

aberration. Low SR maps are suppressed due to the aberration.
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Figure 5.4: The simulation of beams of detectors at 95 and 150 GHz. Both maps can be modeled as

Gaussian beams. These maps are calculated by HFSS.

Table 5.1: The assumed parameters of GRASP simulation.

Reflector System

Dual Reflector System

Main reflector aperture diameter 2.5m
Focal Length 2.2m
Angle between main reflector axis and sub reflector axis 19.526259
Distance 0.999999 m
Subreflector eccentricity 0.39338149
Satisfy Mizuguchi condition Yes
Use absolute or relative values Absolute
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Figure 5.5: Setup of GRASP simulation.
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Figure 5.7: Coordinate of the real space and Fourier space.

5.3 Convolution of the beam

We explain the method of the beam simulation with the aberration. In section 6Bl and B2, we calculate
the aberration effect of the beams and simulate the beams on the sky. In this section, we convolute
two beams. We can regard the aberration beam as window function of the simulated GRASP beams.

Therefore, we first discuss the far field beam propagation with the window function.

Figure 624 shows the propagation of electric waves from G to G’ coordinate, where the distance

between the origin of G and G’ is described as the following equation:

eikT
g(&,m) =A//g(wyy) dzdy, (5.11)

r

where g(x,y) is a field on the G space, A is a normalization factor, "% /r is a spherical field at (z,y)
position. Therefore, the projected field can describe the sum of elementary waves on G. Here, we expand

the distance of r as follows:

ro= V@@= +(y—n)?+ 22
_ Z\/1+($;2§)2+(y;277)2
_ Z(H;(w;S)Q+;(y;2n)2+m>
_ Z+%(w—zf)2+%(y—n)2+_._
_ Z+§22+2772_w§;ry77+932;;y2+... (5.12)

We take the far field approximation. We can neglect the higher order terms. Therefore, we can describe
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the distance as r = z + % - x§+7yn Then, g(g, n) is written by

+§ +n
g(g’n) = 6 // xT y el R wf+y"7)dxdy

+§ +n

_ 6 // x y zk:G w+9yy)dxdy

R+§ +71
// x,y)e’ kR ) dady. (5.13)

We conclude that the far field pattern on G’ corresponds to the Fourier transformed pattern on G. The

representation of the Fourier transform can also be written as the convolution.

ezk(R+f 1
H(ka ky) = 7A / [ Hagute ettt dzay

k(re SR
A / / ( / / Jelkeathyy) g dk’) w(x,y)e’ F== TR dady

RJF 2R
- //F Kl k) (// w(z, y)e” (e —ka)ut(ky— dmdy) dk.,dk;,
R+‘E +n
_ ST // (kL kYW (ke — KL Ry — K, )R,
61 (R-‘ri}’: ;RT’ )
= AP« Wk k) (5.14)

Therefore, the far field pattern of G’ corresponds to the convolution of F(£,n) and W (€, n), which are
the Fourier transformed field, f(z,y), and window function, w(z,y). We simulate the intensity map with

aberration, which convolutes with GRASP and aberration beams as shown in Fig. B3.

5.4 Sensitivity and beams

Finally, we discuss the beam effect of the power spectrum. When we analyse the CMB data, we have to
calculate the power spectra on the measured sky area. The calculated B-mode pattern is averaged with
the weight of the beam of the telescope, so that the small structure is smeared by the beam resolution.
The relation is presented in the exponential factor of Knox formula as shown in Eq.(ZZ99). In this case,
we assumed the diffraction limited Gaussian beam, the sensitivity becomes worse because the beam with
large aberration can not be modeled as a Gaussian beam. Thus, we estimate the exponential factor in
the Knox formula using arbitrary beams, B(&). The exponential factor can describe two-step processes.

At first, we calculate the two-dimensional Fourier transform of the beam pattern:
B(l) = / d*zB(&)e " F (5.15)

The power spectrum is defined in Fourier space as a function of multipole, [. Second, we find the angular

average of square of Fourier transformed beam pattern:

1 2
et [
21 0
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Figure 5.8: The convoluted beams of GRASP and aberration beams. Beam widths are increased by

aberration.
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In the case of Gaussian beam, W, is corresponding to e=1"" . We calculate the W; with any Strehl ratio

as shown in Fig. B9. Fig. B0 shows the calculation of the FWHM by changing the Strehl ratio.

5.5 Summary

We discuss the beam pattern with aberration in this chapter. When we design the large cold optical
system, the alignment is one of the most important studies because the size of the lenses shrinks at the
cold temperature. The shrinking may cause the misalignment of optical system and deform the beam
shapes by aberration. The beam with aberration smears the small structure, so that the sensitivity of
high multipole moment becomes worse. In this section, we assumed the defocus aberration. We conclude
that the beam size increases if the the Strehl ratio is less than 0.8. We calculate the effective beam width
as a function of Strehl ratio. This relation can be compared with the real measurements. In the next

section, we actually try the alignment and simulate the Strehl ratio based on real measurements.
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Chapter 6

Alignment of optical elements

The characterization of an alumina optics is one of the key tasks to achieve the large optics with a large
focal plane. All the pixels should meet the requirements of diffraction limited optics at each detection
frequency. We employ the alumina optics for the PB-2 system as re-imaging lenses. The purity of an
alumina is 99.9 % because of the lowest loss tangent for minimizing the photon noise in a detection band.

In this chapter, we summarize the alignment method and results.

6.1 Optical design with ZEMAX simulation

We designed the optics which is based on the ray trace simulation, ZEMAX. The requirements of the

optical design are listed as follows:

(i) PB-1 mirrors The HTT is designed to accommodate a large diameter of the focal plane. However,
the diameter of the PB-1 focal plane is less than the design diameter. PB-2 uses the maximum size of

focal plane with the same mirrors.

(ii) Focal plane with the 365 mm in diameter According to science requirements, we need to
make a large detector array with 7588 detectors. To meet our requirements, we should place the 365 mm

focal plane.

(iii) Diffraction-limited optics at each pixel To meet the requirements of diffraction limited optics,
we must reduce the aberration and pseudo-polarization through the photon transmission with optical
component. We have used the UHMWPE lenses in the PB-1 experiment. The UHMWPE optics cannot
be used for the PB-2 optical system. This is because it generates the large aberrations and pseudo

polarization at each lens.

(vi) The lenses diameter To reduce the aberration sufficiently, we should make a small aberration

optics. We require the high IOR material and large diameter of lenses. From the simulation, the
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Figure 6.1: The simulated optical design with ZEMAX.

requirement on the lens diameter is 500 mm.

We design the optical system to meet these criteria. Fig. B0 shows the designed optics with ZEMAX.

6.2 Strehl ratio

The throughput of alumina optics is an overall measure of the amount of ray that can be collected by
the optical system. However, the performance of optical system is more usefully measured in“diffraction
limited field of view” (DLFOV). That is the size of focal plane in which the optical performance is

diffraction limited [65]. The Strehl ratio and rms wavefront error are commonly used to determine
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Figure 6.2: The Simulated Strehl ratio of PB-2 optical system with the optimized position. Left (Right)
plot shows results of 95 GHz (150 GHz). Definitions of axes are shown in Fig. B4.

whether the optical performance is diffraction limited. The Strehl ratio is defined by
SR = [¢i®[2 = |2m0/A 2, (6.1)
where ¢ is a phase error. According to Mahajan formula, the Strehl ratio can be written by
SR~ e, (6.2)

where o is the rms wavefront error, ¢ = /¢ — ¢. Our system that provides a Strehl ratio larger than
0.8 at a particular field point is generally considered diffraction limited at the field point. The minimum
DLFOV is the area on the focal plane with Strehl ratio larger than 0.8. Therefore, our optical systems

have to be optimized for a higher Strehl ratio.

6.2.1 Tolerance analysis

The tolerance analysis is one of the powerful methods to estimate the aberration and Strehl ratio with
any optical systems. We place the mirrors of HT'T, three alumina lenses, three metal mesh filters, and an
alumina filter in the optical system. The flat disc of optical elements, such as alumina filter and HWP,
changes the relative position of lenses and mirrors through the optical axis. This is because the optical
path length in the material is extended by (n — 1)d, where n is an index of refraction and d is thickness
of the bulk sample. This effect may lead to miss-alignment of the lenses.

We calculate the Strehl ratio with Monte Carlo simulation based on the measured values and errors
of the lens shapes, IOR and thermal contraction as shown in Fig. B2 and 633. We list parameters
that are assumed in the simulation in Table EI. We also estimate the requirements for the alignment
positions of lenses. The definitions for the alignment, tilt, XY-plane, and Z-axis are shown in Fig 4.

The requirements of lenses alignment are shown in Table B3.
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Figure 6.3: The Simulated Strehl ratio of PB-2 optical system. Left (Right) plot shows results of 95 GHz
(150 GHz). Definitions of axes are shown in Fig. E4.
Table 6.1: Inputs of the ZEMAX simulation. We assumed the measured curvature radius at 77 K, conic
constant, thickness, index of refraction, lateral tolerance, and surface irregularity.
Curvature Conic Thickness IOR Lateral Surface
radius [mm] constant [mm)] terrance [mm] | irregularity [pm]
Half wave plate 00 - 11.10 3.06 - -
Alumina filter o0 - 2.00 3.117 - -
Field lens (front) 1372.08 £ 0.3 | —9.978 £ 0.031 | 50.0 £ 0.5 - +0.006 15
Field lens (back) 3164.20 £1.3 | —11.58 +0.033 - 3.109 £ 0.004 +0.003 7
Aperture lens (front) 633.74 £ 0.6 | —2.846 £0.003 | 50.0 £ 0.5 | 3.109 £ 0.004 +0.002 30
Aperture lens (back) 00 - — - - 11
Metal mesh filter e’} - 4.50 1.5017 - -
Metal mesh filter [ee] - 4.50 1.5017 - -
Collimator lens (front) | 827.19 +0.7 0.082 £0.004 | 50.0+0.5 | 3.109 4+ 0.004 +0.001 6
Collimator lens (back) 0 - - - - b)
Metal mesh filter [¢) - 4.50 1.5017 - -
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Origin surface

Figure 6.4: Left: Definition of alignment parameters. We selected the front panel of receiver cryostat as

the origin of coordinate. The blue plane represents the position tolerance for the XY-axis. The red arrow

points the lens position in Z-axis. The green cone indicates a tilt of lens position. Right: Definitions of

coordinates for the Srtahl ratio simulation.

Table 6.2: Requirements on lens alignments. Definitions of components are shown in Fig 64

X-axis [mm] | Y-axis [mm] | Z-axis [mm] | Tilt [deg.] | Tilt(x)[deg.] | Tilt(y)[deg.]
Field lens 0.00£6.00 | 0.00£6.00 | 1192.10£9.00 | 7.00£0.5 | 7.00£0.5 0.0£0.5
Aperture lens 0.00 + 6.00 0.00 £ 6.00 718.53 £.009 | 0.00 £ 0.5 0.0£0.5 0.0£0.5
Collimator lens | 0.00+6.00 | 0.00+6.00 | 283.84 £9.00 | 0.00£0.5 0.0£0.5 0.0£0.5
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Figure 6.5: Laser trackers. (Left) FARO Laser Tracker Vantage. (Right) Leica AT401.

6.3 Alignment of optical components

We align and measure the alumina lenses and the focal plane. The laser trucker is one of the alignment

tools. We used laser trackers for alignment of the lenses.

6.3.1 Laser tracker

Figure B33 shows the picture of two laser trackers. One is FARO Laser Tracker Vantage. Another is
Leica AT401. The measurement principle of laser tracker is to measure the angle and distance of the
two axes. The laser tracker points the target, which is placed in the corner cube reflector as shown in
Fig 68 and 624. The corner cube mirror reflects the laser back in the same optical path. The reflected
laser returns to the emitting point of the laser tracker. When the laser light is returned to the tracker,
two angle encoders measure the elevation and rotation angle. Furthermore, it measures the absolute
distance from the phase of light and calculates the three-dimensional position of the corner cube mirror.
The distance between the laser tracker and the measured points is 8 m. The uncertainty of the FARO
laser tracker vantage and Leica AT 401 are 0.016 mm/m + 0.0008 mm/m x 8 m = 0.022 mm and
0.015 mm/m + 0.006 mm/m x 8 m = 0.063 mm.

We define the origin of the z axis using the front surface of the receiver cryostat. We measured 7
points as shown in Fig B8. The rms of flatness and angle with these 7 points are 0.06 mm and 0.012 deg,
which are much less than the tolerance shown in Table 672.

We then define the origin of XY position using the front surface. We fit measured 12 points to
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Figure 6.6: Picture of the laster tracker measurement.

(i) (ii) (iii) (iv)
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Figure 6.7: Principle of comer cube mirror. (i) The incident ray is reflected on the left side of mir-
ror corresponding to conversion matrix of diag(l,—1,0). (ii) The reflected ray is reflected on the bot-
tom mirror corresponding to diag(1l,1,—1). (iii) The ray is reflected on the right mirror correspond-
ing to diag(—1,1,1). (iv) The ray comes back in the same way to the backside corresponding to

diag(—1,-1,-1) = diag(1,—1,1)diag(1,1,—1)diag(—1,1,1).
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Figure 6.8: Left: the measured position of the Z-direction. Right: definition of lenses positions and focal

plane of z-axis.
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Table 6.3: Specification of laser tracker.

Type FARO Laser Tracker Vantage Leica AT401
Size 224 x 416 mm 351 x 221 mm
Weight 12.6 kg 7.3 kg
Maximum measurement length 80 m 80 m
Laser 632 — 663 nm (1 mW cw) class IT | 635 nm (0.5 mW) class II
Resolution 0.5 pm 0.1 pm
Uncertainty 16 pm + 0.8 pum/m 15 pm + 6 pm/m

estimate the center position. Y direction corresponds to the gravity axis.

We measure the position of the focal plane. To be exact, we measured the distance between the origin
and the 250 mK plate. The origin of the Z axis simulation is the tip of the lenslet as shown in Fig. 4.
The distance from the 250 mKplate and the tip of lenslet is measured with a caliper. The measured
position to the tip of lenslet from the 250 mK plate is 10.28 mm. We measure the positions of three
lenses. When we estimate the XY-plane, we use screw holes around the edges of lenses. To estimate the
z position, we measure the lens edge. The lens edge provides the flat surface for the alignment. Finally,
we can get the origin coordinate of lenses and normal vector, where bases correspond to the normal
vector of origin. The results of normal vector and position coordinate with focal plane and lenses are
listed in Table. EA. From this table, we estimate the measured distance of XY-plane, Z-axis, and tilt.
Eosomi, EFL, Ear,and o, are coordinates of the focal plane, field lens, aperture lens and collimator lens.
The origin of Z-axis corresponds to the 250 mK plate as {pp = as50mi + (0.0, 0.0,10.28). The distances

from the focal plane to each lens are obtained as

Alrr, = &rL — EFpP, (6.3)
Aéar =€ar — Erp, (6.4)
Aécr =&cr —EFpy (6.5)

where Aépr, Aar, Aécy are differences in the distance of field lens, aperture lens and collimator lens.
The measured positions are shown in Fig. G110
ngpp,NrL,NAL, and noy are normal vectors of focal plane, field, aperture and collimator lens. Then,

the tilt angles of the lenses are obtained as

nepp-Ngej, :COSQFL, (66)
npp-nap = coslar, (6.7)
npp -norL = cosfcr,. (6.8)

The measured angles are shown in Fig. B The results for the collimator and aperture lenses meet our

requirements.
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Figure 6.9: The origin of z-axis simulated by HFSS simulation. Private communication with A.Suzuki.
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Figure 6.11: Measured lenses angle from the design value.
Table 6.4: Result of lenses alignments.
¢ | Position vector [mm] | Normal vector | Angle [Degree]
250mK plate X —0.03 £0.13 -0.0006 0 0.04 £0.04
Y —0.80 £0.13 0.0003 0, | 0.02+£0.03
Z —166.01 £0.13 1.0000 6y | —0.04 £0.03
Collimator lens | X 0.313£0.13 -0.0006 0 0.39 £ 0.03
Y —0.464 £ 0.13 -0.0068 0, | —0.39+£0.02
7 84.581 + 0.13 0.9999770 0, | —0.03 £0.02
Aperture lens | X —1.29£0.13 -0.0010 6 | —0.09 +£0.02
Y —1.26 +0.13 0.0016 0 | 0.06 £ 0.02
7 565.26 + 0.13 0.9999981 6, | 0.09+0.02
Field lens X —2.52+£0.13 -0.000279 0 6.91 £+ 0.02
Y 3.508 £0.13 0.120273 f; | 6.91+0.02
Z 1038.58 £ 0.13 0.992741 6, | —0.02£0.01
Table 6.5: The estimated lenses positions from the focal plane.
X-axis [mm] | Y-axis [mm] | Z-axis [mm] | tilt[degree] | tilt (x) [degree] | tilt (v) [degree]
Field lens —249+0.18 | 4.384+0.18 | 1194.31 +0.18 | 6.89 4+ 0.06 6.89 £ 0.04 0.02 + 0.04
Aperture lens | —1.26 +0.18 | —0.46 £0.18 | 720.99 +0.18 | 0.07 + 0.04 0.08 £0.03 —0.02 £ 0.03
Collimator lens | 0.32+0.18 0.34 +0.18 240.31 +0.18 | 0.40 +0.03 —0.40 £0.01 0.00 £ 0.03
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6.4 Discussion

6.4.1 The method of lens alignment with laser tracker

In Chap. 2, we calculate the significance level for accurate measurements of the B-mode. Then, we
assumed that our optical system meets the diffraction limit. However, it is not straightforward to
achieve the diffraction-limited optics for the large-diameter focal plane. We have achieved this goal with
the large alumina-based optical system. The main advantages to use alumina are low aberration and high
thermal conductivity. To realize the alumina optical system, we need to place each alumina component
with sufficient accuracy, for which requirements are listed in Table. 2. We should characterize the
lenses position and angles, respectively. Then, we compare these with design values. In our study, we
employ the laser tracker to measure the lenses positions. The laser tracker is a popular measurement
system in the accelerator alignment. The laser tracker tracks the corner cube mirror. It measures the
three-dimensional position of the center of the corner cube mirror. The lenses are placed into the optics

tube, so that the compact object of corner cube mirror has advantage to measure the lenses position.

6.4.2 Design of lens holder and lens position

We contrived the method for mounting lenses. In the observation of CMB on the ground, we consider the
motion stability of the elevation scan. We mount the pin type lens holder corresponding to the horizontal
axis as shown in Fig. EI2A. This pin can limit the degree of freedom against the rotation motion of the
lens. We fix the rotation motion with the spring type holder. The accuracy of the lenses angle of the
pin type is better than that of spring type. This difference of accuracy leads to the longitudinal shape
as shown in Fig. BE0. Although the spring accuracy is worse, we choose this method to reduce the
difference of thermal contraction between the alumina lens and 4 K shells. The material of 4 K and 50 K
shells are A1100 and A5083 whose thermal contraction is 99.58 %. The relative positions of each lens
are designed assuming thermal shrink. The lenses holders are mounted at inner surfaces of 4 K shells.
Each shell is supported with the truss structure made of vespel pipes. The thickness and diameter of

the vespel pipe, VESPEL SP1, is 0.35 mm 9.5 mm.

6.4.3 Strehl ratio with the measured map

We simulate the Strehl ratio based on the measured lens positions as shown in Table E3. The simulated
Strehl ratios at 95 and 150 GHz are shown in Fig. BEI3. We also calculated the two-dimensional SR
maps at 95 and 150 GHz corresponding to the focal plane coordinate as shown in Fig. EI4. All the
regions meet our requirements, i.e. SR > 0.8. Therefore, our optical system meets the condition of

diffraction-limited optics.
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Figure 6.12: The design of the lens holder. The alumina lenses hold the pin and spring type holders.
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Figure 6.13: The simulated Strehl ratio of PB-2 optical system based on the measured lens positions. Left
(Right) plot shows results of 95 GHz (150 GHz). Definitions of axes are shown in Fig. 64.
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6.5 Conclusion

We have measured the position vector and normal vector of each lens and focal plane. All the results

meet our requirements. Therefore, our optical system satisfies the condition of diffraction-limited optics.
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Chapter 7

Sensitivity analysis based on the

measurement

Any CMB experiment has various types of the instrumental noise. In the case of the POLARBEAR-
2 (PB-2) project, we consider three possible sources of noise; statistical signal noise, thermal carrier
noise of TES bolometers, and the readout noise. In this chapter, we discuss the optical loading of the
POLARBEAR-2 receiver system. We express noise theory in terms of the noise equivalent power (NEP).

The total noise is given by

NEP%ot = NEP2 + NEPghermal + NEPrQeadout' (71)

photon

It is important that each term depends on the instrumental specification. In Sec. 224, we defined the

statistical error of the B-mode measurement.

7.1 Noise

7.1.1 Photon noise

The power from the i-th element, counting from the bolometer-mounted focal plane to CMB is expressed

exp (k'BTi,) -1

as

where €; is the emissivity of i-th element and n{“™ is the cumulative efficiency, defined as

cum

ny = H;‘;lﬁjv (7.3)

where 7); is efficiency of the i-th optical element. The photon noise can be written as follows:

NEPphoton = \/ 2 / Phvdy + 2 / P2y, (7.4)
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where

P =3P, (7.5)

We can neglect the second term in Eq.(IZ2). This term is known as a photon bunching term. Then, we

define the thermal load as Rayleigh-Jeans temperature:

P
Toaa = 300 X ——————, 7.6

foad | Persoox)dv (7.6)
where Ppp(300k) is a black body spectrum at 300 K.
7.1.2 Thermal noise
The thermal noise [97] is described as

NEPt2hermal = 4’kangolo7 (77)
where v is a numerical factor

11— (Ty/Thoo)?™ 3
_n+ (To/Tholo) (7.8)

[T - (To/Tooro)™ 1
and g is the instantaneous conductance (g = dP/dT). The thermal conductivity is known as k(T) 2 T"
(n = 3 for super conductor, n=1 for metal). The PB-2 uses n = 1 for thermal conductance to the
bolometer leg.
We assume the temperature of the focal plane as Ty = 250 mK and the nominal bolometer temperature
as Tholo = 300 mK. The instantaneous and integrated thermal conductance are
1 —To/Tholo

G = nGaveT.
1- TO /Tbolo

(7.9)

The choice of the average thermal conductance depends on the maximum signal that appears during the
observation at the operation point, the transition edge. We take the safety factor of 3 of the maximum

loading as
3P

Gove = ——.
e Tbolo - TO

(7.10)

7.1.3 Readout noise

We consider the SQUID noise and its end-to-end readout noise. We use the current noise as I,,s. We

assume I, = 7 pA - /s from the PB-1 result. Then, NET is
NEPreadout = IrmstiaSa (7.11)

where Viias is the bias voltage. To estimate the electric power, P., we assume that the operational
resistance of TES bolometer is 1 2. Then, we obtain

2
Vbias

P.=2P = ) 7.12
- (7.12)
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Figure 7.1: Optical elements of the PB-2 system.

7.2 Assumption of the sensitivity calculation

7.2.1 Specifications of PB-2 optical elements

As shown in Chapter 3, the PB-2 receiver consists of the optical cryostat housing the reimaging lenses
and the infrared filters, and the detector cryostat housing TES bolometers. The large focal plane imposes
the substantial requirements on the thermal design of the optical elements at each of 4 K, 50 K, and
300 K stages. The assumed optical elements are shown in Fig. . The specification of the receiver

system is shown in Table [

7.2.2 Temperature of optical elements

We measure the temperatures of the optical elements as shown in Fig. 2. We use these values as inputs
for the sensitivity analysis.

7.2.3 Cosmic microwave background

The CMB temperature is measured by COBE and other projects. We use the measured temperature of
2.72548 + 0.00057 K.
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Figure 7.2: Results of the cooling test for the optical cryostat.

Table 7.1: PB-2 receiver specifications.

e

W-band D-band
Frequency center 94.3 GHz 147.8 GHz
Band width 30.6 % 26.0 %
Number of bolometers 3794 3794
F/# 1.92 1.92
Diameter of lenslet 5.346 mm 5.346 mm
NET requirement < 360 uKy/sec | < 360 uKy/sec
NET sy requirement | < 5.6 pKy/sec | < 5.6 pKy/sec
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Table 7.2: Basic properties of our HWP. The thickness, d, the index of reflection, n, and the loss tangent,
tan ¢ are listed. n and tan ¢ are measured at the liquid nitrogen temperature, while the thickness values are

measured at the room temperature.

Material d n tan o
[mm] [x1074]
Sapphire(e) | 3.6 | 3.400 | 0.5%07
Sapphire(o) | 3.6 | 3.060 | 1.4%98
RT3006 0.23 | 2.60 1.5
HDPE 0.383 | 1.52 2.0

Table 7.3: Estimated transmittance, reflectance, and emissivity of AHWP with AR coating.

Material | Frequency AR coating Transmittance | Reflectance | Emissivity
[GHz] K K K
AHWP 95 RT3006+HDPE 98.9 1.1 1.5
150 RT3006+HDPE 98.3 1.7 2.0

7.2.4 Atmosphere

One of the largest contributions as the noise source comes from the atmospheric emission. The atmo-
spheric emission is described as a gray body radiation at T' = 273 K. We assume that the emissivity is
3 %, which corresponds to PWV of 1 mm, at the telescope elevation of 60 degrees in both bands. Thus,

the effective temperature is about 8 K. The assumed efficacy of atmosphere is 97 %.

7.2.5 Half-wave plate

The material properties of AR coated HWP are listed in Table 2. The transmittances of the AHWP
with AR coating are 0.989 and 0.983 at 95 and 150 GHz as shown in Table [[3, respectively.

7.2.6 Zotefoam window

We calculated the effective temperature of the Zotefoam in detection bands. First, we separate the
Zotefoam into N layers along the optical axis. We simulated the temperature distribution inside the
Zotefoam window as shown in Fig. [Z3. We define the simulated temperature distribution at i-th layer

as T;. The emissivity at the i-th layer is
e =1—(1—eN, (7.13)

where € is an emissivity of 200 mm Zotefoam. Then, we define the effective temperature of Zotefoam as:

Se; T
Tog = =" (7.14)

€
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Figure 7.4: Calculation of the effective temperature as a function of the measured Zotefoam window

temperature on the vacuum side for 20 cm thickness. The x-axis is the measured temperature of window

at center on the vacuum side. The y-axis is the calculated temperature from the simulation of temperature

distribution between both surfaces of the window.

The result of the calculation is shown in Fig. 4, where we assume the emissivity of 2.0 %. Using the

result, the effective temperature is estimated to be 265 K.

7.2.7 RT-MLI

The transmittance of RT-MLI [65] at detection band is measured as shown in Fig. [T, where the thickness

is 174 mm . We employ the six-stacked RT-MLI, which has low thermal conductivity and transmission

over the THz region as shown in Fig. 3. While being transparent for the millimeter waves, it thermally

behaves similarly to the usual MLI layers for the passive cooling. According to Fig. [, the surface

scattering is negligible. The blue solid and dashed curves show results for the six-stacked RT-MLI

with each layer having the same thickness. If the effect of the surface scattering is not negligible, the
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Figure 7.6: Left: The measured transmittance of Styrofoam. The thickness of Styrofoam is 174 mm.
Right: Estimated transmittance of 6 stacked RT-MLI using the left plot. The average efficiencies are 0.9994
and 0.9986 at 95 and 150 GHz, respectively.

transmittance should decrease by the surface scattering at the high frequency. From the measurement,
we estimate the transmittance of the six-stacked RT-MLI (6 mm). The averaged efficiencies are 0.9994
and 0.9986 at 95 and 150 GHz, respectively. The measured temperatures of the six-stacked RT-MLI are
168 K and 247 K at the side of the alumina filter and Zotefoam window. The average temperature is
208 K. The emissivities of the RT-MLI are 0.0006 and 0.001 at 95 and 150 GHz when we assume that

the surface refraction is negligible.
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Table 7.4: Estimated transmittance, reflectance, and emissivity.

Material Frequency AR coating Transmittance | Reflectance | Emissivity
[GHz] (7] (2] (7]
Alumina filter 95 Mullite and Skybond 95.8 2.2 2.0
150 Mullite and Skybond 95.8 1.1 3.1
Alumina lens 95 Epoxy 90.5 2.6 7.9
(field lens) 150 Epoxy 88.9 1.0 10.1
Alumina lens 95 Hyblid 91.8 0.6 7.6
(aperture and collimator lens) 150 Hyblid 87.3 1.2 11.5
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Figure 7.7: Transmittance of alumina filter with Skybond+Mullite AR coating. The parameter used for
the calculation is shown in Table E8. The band averages of transmittances are 96.1 % and 96.0 % in 95 and
150 GHz band, respectively.

7.2.8 Alumina filter

We calculated the expected fringes as shown in Fig. [0, where parameters shown in Table E=8 are used

for calculation. The emissivity is assumed to be 0.04 in each detection band as shown in Fig. 4 .

7.2.9 Alumina lenses

We placed the epoxy and Mullite+Skybond AR coating on the curved and flat surface, respectively.

The size of three alumina lenses is assumed to be ¢ 500 mm X t50 mm. Fig. [8 shows the expected
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transmittance of alumina lenses with each AR coating. The average efficiency is calculated as 91.9 %

and 87.2 % at 95 and 150 GHz.

7.2.10 Metal mesh filters (MMF)

The measured transmittance of metal mesh filter by Cardiff group is shown in Fig. 3. The measured

temperature of 5.7 icm MMF is 0.496 K. We calculated the emissivity and efficiency in the detection

bands as shown in Tables [3-IZ3.
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Figure 7.10: Left: Schematic view of lenslet and Lyot stop geometry. Right: Fractional throughput of the
Lyot stop. The blue and red curves are throughputs at 150 and 95 GHz. Since the diameter of lenslet is
6.07 mm, the efficiencies are 51.6 % and 83.6 % in 95 and 150 GHz, respectively.

7.2.11 Lyot stop and black body

The Lyot stop defines the beam size for each lenslet. The optimal size of lenslet is chosen from the
following calculation as shown in Fig. 10. The gaussian beam with waist is produced by ellipse lenslet

as

D
_ Nl
wo = 56’ (7.15)

where D is a diameter of lenslet. We assume the diffraction limited optics. Then, the angle of Gaussian

beam is given by
A 260 w(z)
Twe 7D z

0= (7.16)

where w(z) is the size of beam at height z above lenslet. The bean angle is corresponding to the diameter

of the Lyot stop. The power through the aperture is expected as

P 272
NLyot = Fo = (1 — €xp <w(z)2>) (7.17)
212 D?r?

o2 (5))), -

where r is the radius of the aperture and F is the ratio of the focal length to the diameter of the entrance

pupil. The measured temperature of the black body is less than 5.4 + 0.5 K. The emissivity is assumed

to bel.0. We use these assumptions for the sensitivity analysis.
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Table 7.5: Parameter table in W band

Optical Temperature | Emissivity | Efficiency Total Power Load NEP
elements K] efficiency [pW] K] [aW /v/Hz]
Load resister 0.25 0.0 1.00 1.0 0.0 0.0 0.0
Microstrip filter 0.25 0.00 0.87 0.87 0.0 0.0 0.0
Antenna mismatch 0.25 1.00 0.988 0.86 2.73 x 1078 | 2.9 x 1077 0.0018
Antenna backlobe 0.25 1.00 0.91 0.78 2.70 x 1078 | 2.9 x 1077 0.0017
Silicon lenslet 0.25 0.05 0.95 0.74 1.22x 1079 | 1.3 x 107% | 0.00037
5.7icm MMF 0.496 0.01 0.94 0.70 9.2x 1077 | 9.8 x 1076 0.010
Collimator lens 5.1 0.068 0.90 0.64 0.035 0.37 2.1
Lyot stop 5.8 1.0 0.54 0.34 0.25 2.7 3.6
8.7icm MMF 5.8 0.01 0.976 0.33 0.0026 0.028 0.57
12icm MMF 5.8 0.01 0.96 0.32 0.0026 0.028 0.57
Aperture lens 4.5 0.068 0.90 0.29 0.013 0.14 1.29
Field lens 5.9 0.064 0.92 0.27 0.018 0.19 1.5
Alumina filter 54.0 0.02 0.96 0.26 0.055 0.60 2.67
RT-MLI 177 0.00060 0.99940 0.26 0.0055 0.058 0.82
Zotefoam window 265 0.02 0.98 0.26 0.27 2.9 6.2
Secondary mirror 273 0.01 0.99 0.25 0.14 1.5 4.3
WHWP 273 0.015 0.989 0.25 0.20 2.2 5.3
Primary mirror 273 0.01 0.99 0.25 0.13 14 4.2
Atmosphere 273 0.030 0.97 0.24 0.40 4.3 7.8
CMB 2.73 1.0 1.0 0.24 0.05 0.53 2.5
Total 0.237 1.58 16.8 14.1

7.3 PB-2 sensitivity

We calculated the PB-2 sensitivity with epoxy AR coating as shown in Table. 3 and @ . We also
calculated the PB-2 sensitivity with the Mullite and Skybond foam AR coating as shown in Table. (3
and [CA . The list of the optical elements is consistent with Fig. . Then, we employ the temperatures,
emissivities and efficiencies in the tables. We calculated the optical power and load to the detector with
Egs.(2) and (@). Finally, we estimate the photon NEP using Eq.(). We summarized the results of
the sensitivity analysis in Table [Zd. We discuss the sensitive components from these calculations in the

next section.
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Table 7.6: Parameter table in D band

Optical Temperature | Emissivity | Efficiency Total Power Load NEP
elements K] efficiency [PW] K] [aW /v/Hz]
Load resister 0.25 0.00 1.00 1.00 0.0 0.0 0.0
Microstrip filter 0.25 0.00 0.87 0.87 0.0 0.0 0.0
Antenna mismatch 0.25 1.00 0.988 0.86 3.7x10712 | 23 x 107 | 2.6 x 1075
Antenna backlobe 0.25 1.00 0.91 0.78 3.7x1071 | 23x107° | 2.6 x107°
Silicon lenslet 0.25 0.05 0.95 0.74 L7x1078 | 1.0 x 1072 | 54 x 1076
5.7icm MMF 0.496 0.01 0.92 0.68 1.3x107% | 8.0x 1078 0.002
Collimator lens 5.1 0.104 0.89 0.060 0.043 0.27 2.9
Lyot stop 5.8 1.0 0.85 0.51 0.081 0.51 2.2
8.7icm MMF 5.8 0.01 0.94 0.48 0.0040 0.025 0.88
12icm MMF 5.8 0.01 0.94 0.46 0.0037 0.023 0.85
Aperture lens 4.5 0.1046 0.89 0.404 0.022 0.14 2.1
Field lens 5.9 0.098 0.87 0.358 0.036 0.22 2.7
Alumina filter 54.0 0.031 0.958 0.34 0.14 0.90 5.4
RT-MLI 177 0.0012 0.9988 0.34 0.019 0.12 1.9
Zotefoam window 265 0.02 0.98 0.34 0.46 2.9 10.1
Secondary mirror 273 0.01 0.99 0.33 0.23 14 6.9
WHWP 273 0.0199 0.983 0.33 0.46 2.8 10.0
Primary mirror 273 0.01 0.99 0.32 0.23 14 6.8
Atmosphere 273 0.031 0.97 0.31 0.7 4.5 12.9
CMB 2.73 1.0 1.0 0.31 0.046 0.29 3.0
Total 0.304 2.49 15.6 22.8
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Table 7.7: Summary of POLARBEAR-2 sensitivity

W-band | D-band

Science requirement of NET [uK/sec] 360 360

Science requirement of NETaay [Ky/sec] 5.6 5.6

Band width [%] 30.6 26.0

Number of bolometer 3794 3794

Total efficiency|%] 23.7 30.4

Total power [pW] 1.58 2.49

Total load [K] 16.8 15.6

NEP photon [aW/VHz] 14.9 23.0

NEP:hermal [2aW/VHz] 8.7 11.1

NEP cadous [aW /vHz] 12.0 15.0

NEP[aW /v/Hz] 21.1 29.7

NET[uK/sec| 280 313

NET apray [tK+/seC] 4.54 5.08
combined NET 1oy 3.39

7.4 Discussion

We estimate the NET array sensitivity and the optical efficiency based on the measurements. The
requirement of the NET array is 4.3 uKy/sec as discussed in Sec. 0. The estimated NET array of
3.39 pKy/sec is much better than that of the requirement. We try to calculate the dependence of the
Lyot stop and the alumina filter temperatures. Figure 11 and [I2 are the power and the NET array
from the filter. The power increases from 45 K and 80 K. As the measured temperature of the alumina
filter is 54 K, the estimated power at 95 and 150 GHz are 0.058 pW and 0.14 pW, respectively. If we
calculate the alumina filter power equivalent to the estimated power at 95 and 150 GHz, we obtain 3.7 %
and 5.6 % with respect to the total power, respectively. The array NET between 45 K and 80 K meets
our requirement of 4.3 uK/sec and goal of 4.0 uK/sec.

We also calculated the power and the array NET as a function of Lyot stop temperature as shown in
Fig. 13 and [14. The temperature of the Lyot stop depends on the power and array NET sensitivity
strongly because the solid angle of the detector sees the Lyot stop directly. The emissivity of the Lyot
stop is approximately 1 in millimeter wavelength. Therefore, the temperature dependence of the Lyot
stop is larger than that of the alumina filter.

The slope of 95 GHz is larger than that of 150 GHz. This is because the solid angle of 95 GHz band
is larger than that of 150 GHz due to the diffraction angle of the lenslet-coupled detectors. The power
of the atmosphere at 95 and 150 GHz is 0.4 and 0.7 pW. If the temperature of the Lyot stop becomes
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Figure 7.13: Loading power from the Lyot stop as Figure 7.14: Array NET from the alumina filter

a function of Lyot stop temperature. as a function of filter temperature.

larger than 9 K, the Lyot stop emits the largest power among the components as listed in Table I3 and
[[B. Therefore, we should keep the temperature of the Lyot stop below 9K. The measured temperature
of the Lyot stop is 5.8 K, which meets our requirement sufficiently. The estimated power at 95 and 150
GHz are 0.25 pW and 0.081 pW, respectively. The powers correspond to alumina filter power to total
power ratio of 15.8 % and 3.3 %. The NET arrays between 45 K and 80 K meet our requirement of

4.3 pKy/sec and goal of 4.0 uK+/sec.

7.5 Conclusion

We have calculated the sensitivity based on the measurement. The estimated optical efficiencies are
0.237 and 0.304, respectively. We have also calculated the array NET and obtained 4.54 uK,/sec for 95
GHz and 4.54 puKy/sec for 150 GHz. The combined array NET is 3.39 puKy/sec.These results meet our

requirements from Sec. ZZ10.
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Chapter 8

Basic optical characterization of the

POLARBEAR-2 receiver system

8.1 Introduction

In this chapter, we characterize the optical performance of the POLARBEAR-2 receiver system, using
prototype bolometers with saturation power higher than the observation-quality bolometers, which are
useful for laboratory testing. Since the final (observation-quality) characterization on beams and polar-
ization properties will be done with HT'T at the site, we focus on the evaluation of optical efficiency, the

polarization responsivity, and briefly describe results of the beam measurements.

8.2 Setup

We place the optical components into the POLARBEAR-2 receiver system as shown in Fig. BTl. These
optical components are explained in Chap. B. In particular, the fabrications of alumina lenses, alumina
filter and KEK Black are described in Chap. B. In this system, we laminated the Skybond and mullite
AR coating on flat surfaces. The epoxy AR layer, which is to be used for curved surfaces, is not coated.

The detector modules are placed on the focal plane as shown in Fig. E2.

8.2.1 Test wafer (ver.4 wafer)

We place a test wafer (called the ver.4 wafer) at 250 mK stage which is the prototype detector wafer for
the optical characterization. The lenslets mount on the ver.4 wafer with two-layer Epoxy AR coating.
The design of the ver.4 wafer is basically the same as the observation-grade wafers that are in preparation.
There are four TES bolometers connected to a sinuous antenna through microstrip lines for dual-band
polarization measurements. FEach TES is biased at the middle point between the superconducting and

normal conducting. If we observe temperature change, the resistance of the TES increases. Therefore,

145



ot

350miK filter Optical window

o

-

50K filter

»

£
~
-3

R

’
.

Alumina lenses

Figure 8.1: Configuration of the optics system for the characterization. In this test, AR coating is partially

(2 out of 6 surfaces) applied.

it operates as a thermometer of high sensitivity. We should keep the temperature stability sufficiently.
Each TES is placed away from the thermal bath for this purpose. In other words, each TES and thermal
bath is weakly linked. The temperature of the thermal bath should be kept at much lower temperature
than that of the TES. The TES operation point is controlled with biasing and generating the power of
the Joule heat. We keep a constant voltage to the TES. The advantage of the constant voltage bias
is the stable operation of temperature. If the temperature of the TES rises, the resistance is increased
and the current is reduced. Therefore, the power of Joule heat is decreased and a negative feedback is

applied to the TES operation.

The power from the antenna is detected by the TES. When the TES is in a stable operation, the
sum of the detected power, P,,:, and power of the Joule heat, Pp;,s, from the antenna is equal to the

thermal bath, Psq:. If the heat bath is constant, we are able to estimate the F,,; from the bias power.

The saturation power of the ver.4 wafer is designed to be 50-100 pW. This power is much larger than
the expected loading at the observation site. When we perform the optical test in the laboratory, we
usually use the thermal source whose power is higher than the expected loading at the site. Therefore,

the detector with higher saturation power is convenient for the optical measurement.
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Figure 8.2: The focal plane and detector modules. The test wafer (called the ver.4 wafer) is installed at
the center. Other two larger wafers are dummy wafers for cooling tests, and smaller one is the same type of

wafer used in POLARBEAR-1.
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Table 8.1: Parameters of the LC board.

Channel | Capacitance[uF] | Inductance [#H] | Frequency [kHz]
Ch1 6.94 16 430
Ch 2 1.22 16 1039
Ch 3 3.24 16 633
Ch 4 1.89 16 836
Chb 11.73 16 330
Ch 6 1.50 16 942
Ch7 4.74 16 526
Ch 8 2.66 16 701

8.2.2 LC resonance filter

We mount the inductor and capacitor chips on the readout board as shown in Fig. B3. All the inductances
of the inductor chips are 16 pH. The capacitances of condensers are listed in Table Bl. We employ a
readout system with a multiplexing factor of 8 in the frequency domain in the test cryostat. The operation
of 8 multiplexing factor board is sufficiently stable because it is already used in the POLARBEAR-1
experiment. The resonant frequencies are between 200 kHz and 1200 kHz, which are also the same as

those used at POLARBEAR-1.

8.2.3 SQUID board

The signal of voltage-biased TES detectors are read with a superconducting quantum interference device
(SQUID). We mount the SQUID board on the 4 K stage. The SQUID converts the magnetic flux in
the coil produced at the input coil to a voltage across its junctions. The SQUID voltage is read out at
room temperature. The linearity of the SQUID response is accomplished over a large bandwidth by the
digital active nulling (DAN). [64]

8.2.4 RF box and SQUID controller

To control the SQUID board, we mount the SQUID controller board as shown in Fig. B4. This board is
sensitive to RF noise and extra magnetic field. We place the SQUID controller board into the RF box.

The conductive tape is sandwiched with the connection of the RF box to shield the RF noise.

8.2.5 DfMUX

The DfMUX is the readout board at room temperature, which is used in PB-1 system. Figure E&
shows the mounted DIMUX board. The DfMUX provides access to time streams of the detector. The
motherboard reads all the channels to a port on the network multicast. The DFMUX can obtain the
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Figure 8.3: The LC resonance board. The capacitors and inductors, forming the resonance circuits with
the TES bolometer, are placed on the board. Five resonance circuits are put on the board, and 40 bolometers

are read out with 8-MUX readout system.
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Figure 8.4: SQUID mounting board. We place eight SQUID chips on the board.

EFRAE. 2RO TR

Figure 8.5: Picture of SQUID controller board. Private communication with Y. Akiba.

150



housekeeping information. This operation can be done through the CGI call to a Web server running on

the motherboard.

8.3 Readout characterization

8.3.1 System overview

We place the test wafer on the 250 mK stage, which is connected to the LC board. Flex cables are used
for the connector between the wafer and the LC board. One LC board can read 40 bolometers. The LC
board is mounted at the back side of the wafer plate. We use 2 SQUID cards for each resonance filter
on LC boards. SQUID boards and LC boards are connected with NbTi microstrip cables. The system

configuration is shown in Fig. 7.

8.3.2 Characterization of SQUID board

When we use the SQUID as a magnetic flux sensor, we usually measure the V-® curve. The response of

SQUID is obtained by
2I.\* d
V(D) = RI\/l - ( ) cos? (W) (8.1)
I D,

where ®j = h/2e is the magnetic flux quanta, I is bias current of the SQUID. I determines the amplitude

of voltage, while @ is driven by the feedback current. The operation point of V-® curve is defined as
1/2(Vinax — Vinin). According to this equation, when I/I. = 1, response of SQUID will be the most
sensitive to magnetic flux. Thus, we need to tune the current to be I/I. = 1. However, SQUID response
is non-linear with the magnetic flux. Thus, it is necessary to linearize the SQUID signal with feedback
mechanism. We call the case with this feedback (without the feedback) a close (open) loop configuration.

The measured V-® curve is shown in Fig. BS.

8.3.3 Network analysis

The signals of the TES bolometers are multiplexed by using the LCR resonance filter with AC bias, so
that we should measure the points of the LCR resonance frequency. The resonance points of the LCR

resonance frequencies are shown in Table. BTl. The LCR peaks are corresponding to

A
T(w) = Z?:1 ; 1

(8.2)

where T is the spectrum of network analysis, A is the amplitude, Rrgg is the bolometer resistance. In
the simple system, each peak is described as
1

Figure B9 shows the measured spectrum. FEach amplitude of the peak corresponds to the LCR

(8.3)

W; =

resonance peak. We fit the peaks and estimate the center frequency and amplitude. The fitted peaks
are shown in Table. B2
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Figure 8.9: The measured resonant peaks from the network analyses. The hight and position of each peak

correspond to the Rrrs and LCR resonance point.

Table 8.2: List of usable bolometers for the measurement.

Channel | LCR peak[kHz] | NEP [aW /v/Hz] Optical/dark
1 334.765 - no lenslet
2 428.571 342 no lenslet
3 695.331 204 Optical(95 GHz)
4 939.042 141 Optical(150 GHz)

8.3.4 Noise level

We take the time-ordered data (TOD), z;(t). The noise of the measurement is calculated with Fourier

transformation of the TOD. The Fourier-transformed TOD is

F(f) = sNda(t)e " mna), (3.4)

where N is the number of sampled data, fpaq is a sampling frequency. The noise equivalent power is
defined as

F(f)F*(f)

NEP = .
N fpaq

(8.5)

We measure the TOD and NEP as shown in Fig BT0. The integration time of measurement is 3666 sec.
The estimated NEPs of 95 and 150 GHz detectors are 204 and 141 aW /v/Hz, where we averaged the
FFT spectrum between 1 and 50 Hz.
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Figure 8.10: The measured noise equivalent power and noise power spectra. The fit parameters of NEP

are summarized in Table. B2

8.4 Knife edge method

The beam shape is characterized as

2z — pa)® 20y — py)?
I(z,y) = exp (— ( 3 ) — ( 3 ) o Ip(2)Iy(y), (8.6)
w2 w;
where the beam is described with only four parameters, p,, pty, wg, and w,. Here, we use the rotation
matrix,

T — Uy cos) —sinf| |z — uy
r: | o fal (8.7)

Y — ly sinf  cosf Y — [y

where 6 is a rotation angle of the beam axis. Thus, the beam shape can be written by

I(z,y;0) = exp (_2((%‘ — Ha) €OS ew_% (y — py)sin®)®  2((z — py) sin 9;-5(1/ — Hy) €OS 9)2) (8.8)
We use the knife-edge method to obtain these parameters. The method is commonly used in visible
laser optics [93]. The beam is covered by a knife edge and the transmitted power is measured.
First, we consider the x-axis. When we intercept the beams with black body absorbers in the z < xp

region, the transmitted beam amplitude is written by

Playy) / / (2, 0)ddy (8.9)

o</ - 2z — 1z)" da (8.10)

w2w2(w?2 sin? §+x2 cos? 0)
w2w?+(5wi —2w2w2+5w?) sin? 20/16

V2(xp — f)
\/ w2w?(w? sin? 6+x2 cos? )

w2w2+(5wi — 2w2w.2+5w‘2) sin® 20/16

= erf(oco0) — erf

(8.11)

155



Black body

detector,

Knife edge

Figure 8.11: Schematic view of the knife-edge measurement. The black body source covers the entire

beam. The knife edge makes a shadow. We measure the integrated power at each knife edge position.

where erf(€) is a Gaussian error function. The Gaussian error function is defined as

&
erf(f):/o exp (—&2)d¢. (8.12)

When we generalize the model to any axis, we can use

V2(R = (12 08 ¢ + 1, 5in 9))

P(R) = erf(c0) — erf
\/ w2w? (w2 sin?(0+)+a2 cos?(0+4))

(8.13)

w2w2+(5wi —2w2w2+5w2) sin® 2(0+¢)/16

where R is an integral axis and ¢ is the integral direction.

8.4.1 Experimental setup

We place a mirror and a chopped cold load (i.e. a 77 K black body). The chopper frequency is 10 Hz.
We place the black body strip, one by one, at the front of the window as shown in Fig. BT2 and BT3.
The width of the black body strip is 23 & 2 mm. We measure the difference between 77 K and 300 K
signals with taking 10 second data for each strip. We estimate the power with Eq. (B18).

8.4.2 Results

The measured error function curves for each detector at each axis are shown in Fig. BT4. The error bars
correspond to statistical uncertainties.
We estimate the g, py, wy, wy, and § using the simultaneous fitting with ¢ = {0, 7/4, 7/2, 37 /4}

with the following equation:

\/E(R — (o cos @ + piy sin @)

w2w?2 (w2 sin?(6+¢)+z2 cos? (64¢))
w2w2+(5wi —2w2w2+5w2) sin? 2(0+¢)/16

P(R)=A—- B xertf

(8.14)

The results of the fit are summarized in Table B3. The calculated x?/N is 103/73, where we assume

that the uncertainty of the angle and the strip width are 5 degrees and 2 mm, respectively. We compare
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Figure 8.12: The experimental setup of the knife edge method. We place the strip of black body at the
window in the ¢ direction. We place the chopped cold load. The measured powers correspond to the erf

function.

Table 8.3: Results of the beam map measurement with the knife edge method, and comparison with the

simulation. The simulation errors correspond to the uncertainties of black body strip positions.

Detector | X centerlmm]| | Y center[mm] | X beam width[mm] | Y beam width[mm] | angle[deg]

Measured | 95 GHz 5.7£0.9 8.2+1.0 125.3£3.2 123 £ 2.5 17.8 £ 1.7
Simulation | 95 GHz 6.40 £0.01 8.1+£04 128 £ 3 120+ 2 0

the results with simulation. We simulate the footprint diagram at the window surface using ZEMAX as
shown in Fig. BT3. The simulated center points and beam widths are summarized in Table. 3. The
reconstructed beam is shown in Fig. BTG (left). All the measured center points agree within one sigma
errors. The beam widths in x and y axes in both detectors are also consistent within one sigma errors.
We also convert the x axis from the position to the angle. Here, we assume that the beams are emitted
from the Gregorian focus. The calculated plots are shown in Fig. ETA. The reconstructed beam is also

shown in Fig. BTA (right). The beam parameters are summarized in Table B4

Since all the results satisfy our requirements without angle. The angle of elliptical beams may
make a beam systematic if the origin of angle is from the optical system. However, the angle of 17.8
degrees are acceptable because the angle uncertainty of detector are also same order. So, we can explain
detector uncertainty. When we regard 17.8 degrees degrees as detector uncertainty, the systematic error
is mitigated by 1/4/3794. We conclude that the basic beam characterization is finished and the alumina

optical system is validated.
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Figure 8.13: The picture of the black body strips at the window. The strips are added one by one. The

width of the black body strips is 23 £ 2 mm.

Table 8.4: Same as Table B33 but the x axis is converted to the angle assuming that the beams are emitted

from the Gregorian focus.

Detector

X center[deg]

Y center[deg]

X beam width[deg]

Y beam width[deg]

angle[deg]

Measured | 95 GHz

0.65+0.11

0.95+0.12

14.5+£0.4

14.24+0.3

183 £1.7
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Figure 8.14: The measured intensities with fits to the Gaussian error function for different integration

angles of {0,7/4,7/2,3w/4} with the knife edge method. The horizontal axis of each figure is the edge

position. The black curves are the best fits. The estimated fitting parameters are listed in Table. B3
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Figure 8.15: The simulated footprint diagram at the receiver window. In the plot, the circle corresponds
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Figure 8.16: Reconstructed beam maps with the knife edge method for the 95 GHz band. Left: as a

function of the positions. Right: as a function of the angles assuming that the beam is emitted at the

Gregorian focus.
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Figure 8.17: The same results as Fig. E14 but with the calculated angle from the Gregorian focus as the

horizontal axis. The estimated fitting parameters are listed in Table BA.

8.5 Polarization

We measure the polarization response of the detector. We use the top and bottom detectors at 95 GHz.
The measurement setup is shown in Fig. EI8. A mirror and a wire grid are placed on the optical axis.
The wire grid is tilted by 30 degrees to avoid standing waves. The polarized signal is modulated with
an optical chopper whose frequency is 15 Hz. The wire grid is rotated at 0.16 GHz. The angle of the
wire grid is monitored with and encoder. Figure BT9 shows the raw data of measurement, where the
phase of the top detector delays by 180 degrees with respect to the bottom detector. We estimate the
modulated amplitude of the chopper with Eq. (8T8). We sort the data with the encoder data as shown
in Fig. B20. We estimate the error bar from Fig. E20. The measured signal is shown in Fig. BZI. We
fit the data using the following model:

A+ Bsin (20 + ¢) + C'sin (40 + ¢), (8.15)

where 6 and ¢ are the angle and phase of the wire grid. The 4f term is introduced empirically. The y?/N
of the top and bottom pixels are 70/54 and 102/54, respectively. The offset factors are 4.76 £+ 0.01 %
and 3.51 + 0.01 %, which are corresponding to the cross polarization loss. These factors are called
the polarization efficiencies. The origins of the cross polarization is the mirror. We estimate the cross
polarization of the mirror using QUAST simulation. The simulated factor is 3-5 %, which is consistent

with our measurement.
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Figure 8.18: Experimental setup of the polarization measurement.
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Figure 8.19: The raw data of the polarization measurement.
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Figure 8.20: The sorted data with the optical encoder signal.
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Figure 8.21: The results of the polarization measurement. The errors are statistical.
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Figure 8.22: Schematic view of the optical power measurement.
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Figure 8.23: Time-ordered-data (TOD) . Clear liquid nitrogen signal is seen at the chopper frequency.

This curve is an example of the measured data with chopping at 3.2 Hz.

8.6 Optical power

In this measurement, we used the chopped cold load source as the reference signal, which is the black
body made of HR25. We use it in the liquid nitrogen. The beam is collimated with the mirror. The ray
diagram and collimated beam width are simulated with ZEMAX. The simulated ray diagram with the
mirror and beam width are shown in Fig. EZ2. We designed the diameter of cold load source larger than
that of beams for covering the beam sufficiently. The chopper frequency is changed between 5 Hz and

11 Hz. Figure BZ3 shows the example of TODs. We can model this signal with the following function,
Py + APsin (21wt + ¢), (8.16)

where Py, AP, f and ¢ are the offset, amplitude, frequency and phase. The TODs of 5 Hz and 11 Hz
are fitted separately for every 2/ f seconds. We calculate and fit the histograms of AP, and f, where we
subtract the offset of these parameters. The estimated AP, and f are shown in Table E3.

8.6.1 Optical efficiency

The amplitude of the power is modeled as

AR
P(f)= Nk (8.17)

where f is the frequency of the chopper, 7 is a time constant of the bolometer, and A Py is the modulated

power between 77 K and 300 K source. Figure shows the measured optical power and best fit curve
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Table 8.5: Modulated amplitude of 95 GHz and 150 GHz detector for chopped liquid nitrogen signal at

various chopper frequencies. Using this data, the time constant and optical efficiency are evaluated.

frequency 95 GHz [pW] | 150 GHz [pW]
5.00 £0.01 1.396 £0.005 | 2.088 £0.012
7.00 £0.01 1.399 + 0.005 1.922 + 0.014
9.00 £0.01 | 1.4005+0.005 | 1.782+0.011
10.98 £0.01 | 1.390 +£ 0.005 1.669 £ 0.011

Table 8.6: Results of optical efficiency measurement

Detector | Av[GHz] | Time constant [msec] Power[pW]
95 18.0 1.8£0.5 1.402 + 0.005 4+ 0.001
150 21.1 13.4£04 2.250 £ 0.002 £ 0.0001

of the time constant.
We estimate the optical efficiency using Fig. B24. The band shapes of each pixel are shown in
Fig. BZ3. The estimated band width at 95 and 150 GHz are 18.0 and 21.1 GHz, respectively. The

detected power consists of three parts as follows:
Psat = -Pload + Pdewar + Pbias (Crload)7 (818)

where Psut, Ploads Paewar, and Pyiqs are saturation power, optical loading, dewar loading and bias power.

The optical loading can be described as follows:
Hoad = nAVkﬂoad7 (819)

where 7, Av, k are the optical efficiency, band width, and Boltzmann constant, respectively.

We modulate the optical loading between T500x and T77x. Then, we assume that Pyeyer and Psgy
are not changed with the temperature modulation. The measured amplitude of the modulated power,
APy, is corresponding to

APy = nAvk(Tsoox — Tr7k ). (8.20)

We can obtain the optical efficiency as follows:

795 GHz — 2.53 +£0.04 %, (821)

M50 GHz — 3.54 £ 0.002 %, (822)

The largest systematic error in our measurement is the estimation of power. When we estimate the

power, we usually use the following equation:
P =1I’R, (8.23)
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Figure 8.24: The measured optical power with each chopper frequency. Black curves are best fits. The fit

parameters are shown in Table B@.
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Figure 8.25: Measured band efficiencies of 95 and 150 GHz bands. Private communication with Yasuto

Hori.
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where I is the current of the nuller and R is resistance of the bolometer. R is measured as a ratio of
carrier voltage and nuller current. However, we should subtract the effect of the parasitic resistance, r,
as follows:

R:R—rzg—r. (8.24)

The typical value of r is 0.1 & 0.1. We add this uncertainty as a systematic error.
The expected values of optical efficiency in PB-2 were discussed in Chap. [@. In this measurement, we
install the different configuration from Chap. @, so that the expected optical efficiency and optical power

are less than that in Chap. [@. The assumed values are listed as follows.

Uncertainty of wafer optical efficiency Optical efficiencies of several ver.4 wafers are reported

elsewhere [I79]. We take the optical efficiency uncertainty, 6.84 %, in both bands in our study.

RMS of the optical efficiency in ver.4 wafer The measured antenna efficiencies of another ver 4
wafer are 36.06 + 4.87 % and 31.50 £+ 5.38 % at 95 and 150 GHz band. We take these as the typical

values of ver.4 wafers when we estimate the power and optical efficiency.

AR coating of filter and lenses In this system, we do not employ the epoxy AR coating. The
predicted transmittance of alumina lenses are shown in Fig. BZ8, where we assume the thickness of the
lenses is 50 mm. The average transmittances in 95 and 150 GHz bands of the aperture and collimator
lenses are 54.8 and 52.8 %. The average transmittances in band of the field lens are 0.686 and 0.662 %.
The bandwidths of 95 and 150 GHz band are also different. We also estimate the band uncertainty when

we assume the measured alumina property and AR materials.

Metal mesh filter The uncertainty of transmittance for the measured metal mesh filter is assumed to
be 1 %. This value is obtained from the private communication with Hiroshi Yamaguchi and Tomotake
Matsumura.

The systematic error budget is summarized in Table. B4. The expected powers and optical efficiencies
are summarized in Table E8. These values are consistent with the measured values. We conclude that

our system is understood sufficiently and thus we have demonstrated the high sensitivity receiver system.

8.7 Discussion

8.7.1 Beam profile using knife edge method

We characterize the beam profile using the knife edge method for 95 GHz. The knife edge offers ad-
vantages. First, this method can be easily compared with optical simulation. In the usual method with
a beam mapper, the measured beam map using an X-Y stage is convolved with the beam pattern of

the source and detector, so that we need to deconvolute the two beams. However, in the knife edge
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Figure 8.26: The calculated transmittance of the field lens (left) and aperture/collimator lenses (right).

Table 8.7: Error budget of optical efficiency

Error list 95 GHz power[pW] | 150 GHz power [pW] 95 GHz 150 GHz
optical efficiency | optical efficiency
Wafer 0.11 (6.86 %) 0.15 (6.86 %) 0.16 0.24
Detector 0.08 (4.87 %) 0.12 (5.38 %) 0.11 0.19
Alumina lens + filter 0.03 (2.13 %) 0.07 (3.02 %) 0.05 0.11
MMF 0.02 (1.00 %) 0.02 (1.00 %) 0.02 0.03
Total 0.193 (8.74%) 0.146 (9.28%) 0.20 0.32

Table 8.8: Comparison for the powers and optical efficiencies. The expected values are scaled with the

optical efficiency in Chap.7.

Detector [GHz] Power [pW] optical efficiency[%]
Expected 95 1.56 £ 0.19 2.29 +0.20
Expected 150 2.21+0.15 3.48 £0.32
Measured 95 1.402 £ 0.005 +£ 0.001 2.53£0.04+0.01
Measured 150 2.25£0.02+£0.0001 | 3.54 £ 0.002 £ 0.0002
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Figure 8.27: The measured signal with a detector with no lenslet.

method one can compare the model with the measured map directly through the erf(¢) curve. Second,
this method allows rapid scanning. In the case of a X-Y beam mapper, the number of the measurement
points is N2 when we measure N x N resolution beam maps. However, the knife edge method requires
only 4N points, assuming that we measure with 4 directions. These advantages are expected to be

helpful for us to perform quick laboratory tests.

8.7.2 Direct stimulation

The TES bolometer usually receives the signal from an antenna with a lenslet through a microstrip filter.
However, the detector without a lenslet in some cases is also stimulated directly. The 95 and 150 GHz
detectors we have characterized have lenslets. Figure BZ4 shows a comparison of the 95 GHz detector
and another detector without a lenslet. The observed signals with the detector without the lenslet are an
order of magnitude smaller. Furthermore, since the case of direct stimulation is not through a microstrip
filter, band characteristics can not be seen. However, Fig. BZ3 shows the observed band characteristics.

Therefore the signal we observe is not from direct stimulation.

8.8 Summary

In this chapter, we have characterized the optical system of the PB-2 receiver system. The measured
beam agrees with the simulated foot print diagram. Therefore, we conclude that we have demonstrated
and crosschecked the beam shape as expected from the measured positions of the lenses. The measured

powers are consistent with the expected power within 1 sigma error. Therefore we conclude that the
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optical and thermal design of the POLARBEAR-2 cryostat and optical system satisfactory for precision

B-mode observations.
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Chapter 9

Discussion

In this chapter we focus on two things. In the next section, we discuss remaining laboratory tests we need
to carry out before shipping the PB-2 receiver system to Chile. In Section B2 we discuss the possible
applications of the AR coating technology, which has been a key to the successfull development of the

PB-2 receiver system, to future experiments.

9.1 Preparation for the deployment

A series of laboratory experiments need to be performed before the deployment of the POLARBEAR-2

receiver system. The basic steps of the testing in the laboratory are as follows:

Installation of the lenses with AR coating and the observation-quality detector modules
The efficiency loss on each surface of alumina without AR coating is about 25 %. The losses due to
the antenna efficiency and bandwidth with the bolometers used in the laboratory tests described in the
previous chapter are also 30 % and 60 %. Therefore, the total efficiency in the test measurements was
only 5 %. With the epoxy AR coating and observation-quality detectors, we should check that the total

efficiency is larger by an order of magnitude.

More accurate measurements of optical efficiencies, cross polarization, spectra, and beam
with the total system with observation-quality detector modules We should perform a series
of measurements with better accuracy to characterize the system as a whole. Optical efficiencies, cross

polarization, spectra and beam profile need to be measured.

Characterization of the noise equivalent temperature We should characterize the noise equiv-
alent temperature directly. In our measurements described in the previous chapter, we estimate the
NET from the optical efficiency. However, this measurement did not include the loading from the dewer.
What is the most important is to examine the NET directly. One of the most powerful methods is a

sky emulator. The sky emulator can make the radiation corresponding to the sky temperature in Chile.
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In laboratory measurements, the power from the window is larger than that of the saturation power.
Therefore, we usually attenuate the power even if we use a 77 K load. However, since the attenuator is
placed inside the cryogenic stage, the estimation of the exact power is very difficult. On the other hand,
the sky emulator can make the cold load whose effective temperature is between 10 K and 30 K.

When we complete all the tests above and confirm that the performance is satisfactory, we will ship

our system to Chile for deployment.

9.2 Application of AR coating technology to future experiments

9.2.1 Simons array

The Simons Array employs the copies of two more PB-2 systems to achieve the high sensitivity measure-
ments with three telescopes as shown in Fig. B32. Table B shows the specification of three telescopes,
which are denoted as system A, B and C.

We note that the AR coating for the system C needs careful considerations. The optimized thicknesses
of the AR layers are proportional to the quarter-wavelength. Therefore, the thicknesses of AR layers of
the system C will be less than those of the system A and B. The thiner layers yield the less loss of the
AR coating. However, the loss tangent of the 280 GHz region are higher than that of 150 GHz region.
We need to make the trade-off between the thickness and loss effect when we make a design of PB-2C
AR coating. Figure B shows the calculated the PB-2C transmittances of the alumina filter when we
assumed the parameter in Fig. E8. Then, the optimized thicknesses at 220 and 280 GHz bands are 0.14
and 0.17 mm, respectively. Here factor k is multiplied to each loss tangents of AR materials, ktand.
k = 2.0 is the worst case. Therefore, the average transmittance at system C will not be change or high
even if loss tangent of AR materials are twice.

The metal mesh filter is placed on the 350 mK stage. Its cut-off frequency is 172 GHz. However, the
detection band of the system C is larger than that of the system A and B. Therefore, we have to place
a metal mesh filter with a larger cut-off frequency. When we assume the Lyot stop temperature of 5 K
and the focal plane diameter of 365 mm, the expected loading would be 3.6 and 3.0 W with the metal
mesh filter cut-off frequency of 360 and 320 GHz. These thermal emission are acceptable.

Therefore, we can conclude that the technologies of PB-2C enable to use the extended our technology.

9.2.2 LiteBIRD

LiteBIRD (Lite (Light) satellite for the studies of B-mode polarization and Inflation from cosmic back-
ground Radiation Detection) is a satellite to map the polarization of the CMB radiation over the full
sky at large angular scales [33, 04]. Figure B3 shows the executive summary of the LiteBIRD misson.
One of the technical challenges of LiteBIRD is a broadband AR coating on large AHWPs made of
sapphire. There will be two telescopes. The low-frequency telescope will cover 40 - 235 GHz, while the
high-frequency telescope will be for 280 - 402 GHz. Each telescope adopts an AHWP. Solutions listed
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Figure 9.1: The calculated transmittance of the alumina filter when we optimize the PB-2C detection

bands.

Figure 9.2: Conceptual picture of Simons Array.
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Table 9.1: The specification of the Simons Array experiment.

System | Frequency [GHz] | Number of detectors
A 95 3794
150 3794
B 95 3794
150 3794
C 220 3794
280 3794

LiteBIRD mission executive summary

1w s -
Lite (Light) Satellite for the Studies of B-mode Polarization o'l s z -3 .;n'" g
and Inflation from Cosmic Background Radiation Detection + T e
Primacies g
1. CMB polarization all-sky survey proposed in JFY 14* ;
— Also to NASA MO for US participation (Dec. 2014) ‘:—’
— Both proposals passed initial down-selections (JFY15) |
2. Full success
= Total uncertainty onr, o(r) < 0.00]1**
= Multipole coverage: 2 <¢ <200
i‘e‘ both bumps (reionization, recombi”ation} Main specifications (Phase-A baseline design)
detected with large ( >5sigma) significance || jom Specification
\ ifr>0.01 / orbit L2 hala arbit
*+ JFY2014 = Japanese Fiscal Year 2014 = b/w Apr. 2014 and Mar, 2013 Launch year (vehicle) 2025 (H3 or H2A)
**0ur current studies yield ofr=0)=2 x 1074 for 3 year observation Observation [time) All-sky CMB survey (3 years)
IMass 11t
Power 15 kW

Mission instrumeants + Superconducting detector arrays

+ Continuously-rotating half-wave plate [HWP)
+ Crossed-Dragone mirrors

.

0.1¥ cooling system (ST/IT/ADR)

Frequencies {# of bands) 40— 400 GHz (15 bands)

Data size 4 GiB/day
Sensitivity 3 uKarcmin {3 years)
Angular resolution 0.5deg @ 100 GHz

Figure 9.3: The executive summary of the LiteBIRD mission. Private communication with Masashi

Hazumi.
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so far include sub-waves grading (SWG) AR coating and multilayer AR coating. There are advantages
and disadvantages with each method. The SWG method is tried on sapphire of 50 mm in diameter.
However, It is difficult to apply this method to the larger size of sapphire that is required for the
LiteBIRD experiment. We have developed the Skybond-mullite AR coating. The Skybond provides a
potential to multilayer coating because the available indices of refraction are between 1.1 and 1.7 due to
the filling factor. Therefore, we expect to achieve the multilayer AR coating with the same material. The
advantage of the same material is to avoid the crack with cooling thanks to the same thermal expansion
at each layer. Furthermore, polyimide is quite robust against damages from cosmic rays. In contract,
almost all the materials of plastic will be deteriorated by the cosmic rays. Therefore, the technology

with expanded polyimide is a good fit to LiteBIRD.
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Chapter 10

Conclusion

I have developed and characterized the optical system of POLARBEAR-2 in order to perform precision
measurements of the CMB B-mode. POLARBEAR-2 is an experiment for performing high-sensitivity
observations by placing 7,588 detectors on the focal plane of 365 mm in diameter. We plan to start
scientific observations in 2017. I have succeeded in developing essential key technologies to satisfy
requirements for achieving the goals of the observation. The first among them is lenses made of alumina
that sufficiently suppress aberration for the large focal plane of POLARBEAR-2. We have performed
measurements of optical and thermal properties of alumina. The developed lenses have been aligned
in the laboratory using the laser tracker. The lenses are arranged with sufficient accuracy to achive
the diffraction-limited optics. We have also developed a new method for two-layer anti-reflection (AR)
coating on the optical components made of alumina. Development of AR coating is essential in order to
suppress the reflection in the alumina optics for wide-band observations. The new anti-reflection coating
is realized with using the thermally-sprayed mullite and expanded polyimide (Skybond Foam) for the
large flat surface.

To achieve the large focal plane, we need a large window. However, it imposes a challenge in the
thermal design. Initial studies came to the conclusion that conventional IR filters are not sufficient for
the case with such a large window. The surface temperature rises by about 100 K at the center of a filter
compared with the edge of the filter in case of conventional filters, such as PTFE. I have developed a
new type of IR filter made of alumina. The thermal conductivity of the alumina filter is three orders of
magnitude as large as that of the conventional filter. We find that the temperature rise at the center is
only 2.3 K with the alumina filter.

Another challenge is unexpected stray light entering through the window that might also result in
more thermal load on the focal plane. A standard method for reducing such stray light is to cover the
inner surface of the 4 K stage with blackbody absorbers. We have invented a new black absorber named
"KEK Black” for this purpose. The KEK black is optimized for millimeter-wave observations. Thanks
to the use of the KEK black and the alumina filter, we achieved a holding time of 38 hours, which meets

our requirement.
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We have calculated the experimental sensitivity using the measured temperatures and transmittances
of the optical elements. The calculated sensitivity is 3.39 pK./sec, which implies that our system has a
sufficient margin to the required value of 4.30 uK./sec.

We have prepared an end-to-end system for validation of beam and sensitivity. All the optical
components are housed in the optics cryostat and cooled down successfully. Prototype dual-color TES
bolometers are mounted on the focal plane and read out with the DEMUX system. We have confirmed
signals from a cold load. The cross section of the beam is measured with the knife edge method. The
results are consistent with the simulation within 1 o. The optical efficiency and power at each band are
also estimated from the measurements. The measured powers are consistent with the expected values.

To conclude, we have developed the POLARBEAR-2 receiver system. We have overcome several
challenges that mainly arise from the fact that we are to employ a very large focal plane for precision
measurements of CMB B-mode polarization. Validation of beam and sensitivity has been done success-
fully, satisfying requirements imposed from the observational needs. New key technologies such as the
alumina IR filter developed and described in this thesis are already being applied in other CMB projects
including SPT3G and BICEP3. Our pioneering work can also play an important role in the optical

system of next-generation and future CMB observations.
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Appendix A

Analytical calculation of

transmittance

We discuss the transmittance and reflectance model here [B1]. We now study the flat balk material
through the linear polarized electromagnetic waves. First, we consider the boundary condition. The
electric or magnetic field should be continuous across the each boundary surface. Here, we define the
incident electric field, Ey, as shown in Fig. AT. Then, the boundary condition at the surface I is given

by

Er=Eji+E.=FEg+ E;ﬂ[[, (Al)
and
H[ = efO(EiI_ErI)fL()COSQi[ = ei(Ei[—E;I[)ﬁl COS@UI7 (A2)
Ho Mo
where
H= /- ik x E. (A.3)
mug

Here k is the wave number, 7, is the complex IOR on the i-th surface. The complex IOR is defined as
n=n" —in®, (A.4)

Here we define the non-complex IOR and loss tangent as follows,
n=n", (A.5)

tand =

(A.6)
The boundary condition of the surface II is also described by

Err = Eirr + Erpr = Eyr, (A7)

€ N € ~
Hir = ‘LTO(EZ‘H — Eyrr)nycosbirr = ITOEtHnia cos O;r7. (A.8)
V 1o V 1o

179

and



rl
Index : n,

E, |Loss: tand,

Index : n,
Loss : tand,

Index : n,
Loss : tang,

Figure A.1: Configuration of the transmittance model.
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Now, define the thickness of the material as d. Then, the phase shift through the material can be written
by

h = 2n1dcosb;r1/2, (A.9)

so that we obtain
Ei[] = Ete_k°h7 (Al())
Er[[ = E;,ekoh. (All)

Using these equations, Eq. (A=) and Eq. (E=8) become

Erp = Ee Mol Bl kol (A.12)
H[] == E(Ete—koh — E;ekoh)’fll COS 91‘[[. (A13)
V to
These equations can be solved as
Er = FEypg COSkoh+H[[(iSink0h)/T1, (A14)
H; = ErrYqiisinkoh + Hyy cos kgh, (A15>

where

T =, /e—onl cosb;rr. (A.16)
Ho

When the incident wave is a TM wave,

Tl = 6fo’rll/COS 01‘11. (Al?)
V 1o

We now adopt a matrix notation:

E E
LV il (A.18)
Hy Hyr

where

cos koh isinkoh)/T
My = oh (isinkoh)/Tr| (A.19)
Y isinkoh cos koh

Here Mjis called the characteristic matrix. The information of the material property is present in the

characteristic matrix perfectly. Generally, we can extend it to the multilayer model as follows:

E E;
VSV ey VA R (A.20)
Hy Hitq

where we can describe the 2 x 2 characteristic matrix of the system as

mi1 Mi2
M = M;M;--- M, = . (A.21)
mai ma2
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We now substitute Eq. (BE) and Eq. (E=2) into this equation

Eir +E.; Y Eirr
(Eir — Err)Yo EyrYs
where
To = 6707%0 COSGi[,
V 1o
and

TS = eiﬁNCOSGi].
V Ho

We define the reflectance and transmittance of electrical waves as

E’l"I
Qr = ’
Eir
and
o — Eyir
"B
Then, the matrices can be replaced as
1+a, a;
=M
(1—a)Yo a;Yss

Then, we get the rerations of

)

_ YTomir + Yo Yemiz — mar — Temao

r

and
27,

— Yomar + YoYsmaz + may + Lema

a

" Yomar + YoYemuz + mar + Tamay'

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

Multiplying a, and a; by its complex conjugate, the reflectance and transmittance are written as

*
Rs =ayar,

*
Ts = aiay.

(A.30)

(A.31)

Simple case: bulk transmission Let’s consider the simple case of a bulk transmission. For a single

layer, we assume 7 = I. Then, we can describe a,- and a; as

isin (koh)(1 — n?)

Qp -

. gikoh _g—ikoh

2i (1—n?)

2n cos (koh) + isin (koh)(1 4+ n?)

Qne’ikOthe*’ikOh N Z,emoh,efikoh
2 24

(eoh — et (n+ 1)(n - 1)

(1+n?)

eikoh(n + 1)2 _ efikoh(n _ 1)2
—i2koh\n—1
(1 — e ko )'Zi—‘rl

1_ EZ;RE e—i2koh

182

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)



and

2n
_ A.37
at 2n cos koh + i sin koh(1 + n?) ( )
2n
2”6 kohge koh + Ze koh 25 koh (1 + ’[’L2)
4n
= - . A.39
ezkoh(n + 1)2 _ e—zkoh(n _ 1)2 ( )
4n e*ikoh
— _ (nHDP (A.40)
n—12 _,; : :
i e
(A.41)

Now we define transmittance, T, reflectance, R, with the surface (not bulk) absorption coefficient, p,

and phase, ¢, as

(1-n)
R = A.42
(1 + n)2 ) ( )
4dn
T=—— A43
TESIER (A.43)
= e—kondtan6/ cosO;r1 (A44)
¢ = knd/ cos ;. (A.45)
a, and a; are written as
_ 2,026
ar = (1= pe )\/E (A.46)
1 — Ru2e—12¢
T pet®
ar = 1= Ru2e—i2¢" (A-47)
We calculate Ry and T5:
Rs = aya; (A.48)
(1 _ MQe—iQ(z))\/R (1 _ ”26i2¢)\/§ (A 49)
1 — Rp2e—i2¢ 1 — Ru2ei2? :
(- 212 cos (2¢) + )R (A.50)
1 —2Ru? cos2¢ + R2p* '
and
T, = aa (A.51)
_ Tue'? Tpe™* (A.52)
1 — Ru2e—i20 1 — Rp2ei29 :
T2,U,2
= . A.53
1 —2Ru? cos2¢ + R2pu* ( )
Finally, we define the absorptance:
As = 1-Ts— R, (A.54)
_T 2 _ 4
- o TR (A.55)

1—2Ru2cos2¢ + R2pu?
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If we place lossless material, i.e. u =1, A; = 0, that implies the energy conservation low, i.e. Rs+Ts = 1.
If we place perfect black body, i.e. u=0, R=1—-T =0, we see A; = 1.

Interestingly, even if we place high absorption material, © = 1, the absorptance dose not become
unity, As = T = 1 — R. Therefore, although high absorptance material is used, we can not realize the

perfect black body without anti-refection of black body, R = 0.
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Appendix B

Emissivity at IR band

We measured the emissivity of the samples at 300 K by using a T'SS-5X radiative thermometer made by
Japan Sensor Corporation [05]. The frequency range of the radiative thermometer is from 14 to 150 THz.
The emissivity was measured by using refraction at the sample surface. IR radiation is emitted from
a hemispherical blackbody furnace attached to the sample, as shown in Figure BZ. This radiation is
refracted at the sample surface in a manner that depends on the emissivity. This radiative thermometer
is calibrated by using standard materials, with emissivities ¢, = 0.94 and ¢; = 0.06. The unknown

emissivity €, is estimated by using the following equations:

Ph = (1 — Eh)F()Po + EhFlf(Th), (Bl)
]Dl = (1 — GZ)F()PO —|— ElFlf(ﬂ), (B2)
Ps = (1 - GS)FOPO + esFlf(Ts)7 (B3)

where Py, P, and P, are the powers detected by the radiative thermometer. In each equation, the first
term is the refracted power generated in the hemispherical blackbody furnace. This power is represented
by the black solid arrow in Figure B=. The second term is the gray body radiation from the sample
surface. This power is represented by the dashed blue arrow in Figure BZ. The quantities Fy and F; are
constant geometrical factors. The samples were held at the same temperature, T, = 1) = Ts = 292 K,
and on an aluminum plate with emissivity of 0.14. Therefore, we can solve Equations (B=2-B33) and

estimate the unknown emissivity, €;. The results of these measurements are given in Table Bl
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Table B.1: Optical materials and emissivities. All measurements are at 300K.

Material Emissivity Material Emissivity
Zotefoam 0.68 Expanded polystyrene 0.75
Alumina 99.5 % 0.78 Alumina 99.9 % 0.77
Alumina AJPF 0.79 Stiro form 0.58
Silicon 0.63 Amorphas Silicon 0.77
DP190 0.92 Stycast 2850 FTJ 0.93
PTFE 0.92 Metal mesh filter 0.68
Expanded UHMWPE 0.82 UHMWPE 0.95
Stycast2850F T 0.90 Stycast1090 0.91
Stycast2850GT 0.90 Cu 0.07
Aluminum 0.10 MLI 0.06
CR110 0.88 CR112 0.88
CR114 0.84 CR116 0.80
MLI with mesh 0.34 Eccosobe (AN72) 0.98
Eccosobe (HR10) 0.97 G-10 0.99
KEK black 0.98 Bock black 0.98
Kapton 0.83 Diamond like carbon 0.39
Phosblack 0.64 Rexolite 0.92
BSR-1 0.74 HR25 0.60
GDS 0.82 MCS 0.73
FGM-40 0.71 QR-13 0.89
LS-26 0.86 Nickel phosphorus 0.94
PM2020 0.90 PM23D 0.90
PM131 0.90 PM58P 0.90
PM15X 0.90 PM1010 0.90
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Figure B.1: Measurement system and calibration samples.
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Figure B.2: Schematic of radiative thermometer. A hemispherical blackbody furnace is placed on the
sample. The detector is mounted at the center of the blackbody furnace to measure the sum of the refracted
power and the gray body radiation. The refracted radiation is emitted from the hemispherical blackbody
furnace and refracted at the alumina surface. The gray body radiation is emitted at the sample surface.

The detector was calibrated by using standard materials.
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Appendix C

Alumina property

To facilitate the design of alumina optical elements, we discuss the thermal and optical properties of

alumina.

C.1 Optical properties

C.1.1 Experiment

The IOR and the loss tangent in the sub-millimeter wavelength range were measured by using a Martin-
Puplett Fourier transform spectrometer (FTS). A detailed description of this FTS is available else-
where [88]. We measure the transmittance from 250 GHz to 1500 GHz at two different temperatures
of 30 K and 300 K. We place the disc-shaped sample in the FTS system with crossing beam. Then,
we measure the interferogram with the sample and reference, which is in this case atmosphere. The

disk-shaped samples were 20 mm in diameter and either 2 mm and 5 mm in thickness.

C.1.1.1 Results

We Fourier-transformed interferograms of the sample and reference. The transmission spectra are cal-
culated from the ratio between the Fourier-transformed interferogram of the sample and reference. The
transmission spectra of 2 mm thick samples are shown in Figure C. We fit the IOR and the loss
tangent using the spectral data with Equation () and determine the thickness d from the measured
transmittance and the frequency v. First, we estimate the IOR by using transmittance of 2 mm-thick
sample. Secondly, the loss tangent was calculated by using transmittance of 5mm-thick samples with

fixing the measured IOR. The corresponding IOR and the loss tangent are given in Figures C2 and 3.

C.1.2 Discussion

We measured the optical properties of alumina; i.e. the IOR and loss tangent between 70 GHz and

1.6 THz and emissivity between 14 and 150 THz . The IOR of the three samples is about 3.1-3.2 over

189



______________/.]‘,.__

&IET*T g
|
I
1
|
{
|

T
.
Il
T

Alumina 99.5 LD

I
+
|
300K Alumina 99.9

0

EMTWLMHH\%\T S s mmIv1 S

i e e S R T e e e RO N | K% i

1000 1200 1400

800
Frequency [GHz]

600
The 2-mm-thick sample is at 300 K for the measurement. The red, green and
190

400

0

0

TOONOOTNONANTT—OONOUTNANTT~OOONOTMON —

OCOO0OO0OO0OO0OO0OO0O0 OO0O0O0O0O0OO0OO0O0 OO0OO0O0OO0O0OOOoO

SOUBHIWSOURI | SouBNIWSdURL | SOUBJIWSdURI ]

2
Figure C.1: Transmittances of the three types of alumina samples as a function of the frequency in a

blue points correspond to alumina 99.5 LD, alumina 99.9 and alumina AJPF, respectively.

sub-millimeter range [I°7].



324 L  300KAlmina99slD — I
300K Alumina 99.9
300K Alumina AJPF ———

3.22 [ ‘ B e
. T ‘ U
é'_): T T S S
[ —_ =1 |
3.14 -4‘7' i i i 1 e —
50 I I I I
300K Alumina99.5LD —+— |
300K Alumina 99.9 : : —
_. 40 | 300K Alumina AJPF ——¢— o]
I ; ; ; ; P ;
2 ‘ ‘ ‘ ‘ — ‘
g —— ——
c — —k—
B 20 e - : B
3 ‘ I
10 7~ g - 5
o ; ; ; ; ; ;
400 600 800 1000 1200 1400 1600

Frequency [GHz]

Figure C.2: IOR’s (top) and loss tangents (bottom) as a function of the frequency in a sub-millimeter
wave length range [7]. The samples are at 300 K for the measurements. The red, green and blue points
correspond to alumina 99.5 LD, alumina 99.9, and alumina AJPF, respectively. The x and y error bars

correspond to the binning width and statistical errors, respectively.
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Figure C.4: Measured thermal conductivity of alumina 99.5 LD (red points) as a function of temperature.
The error is the systematic error associated with the uncertainty in the length of the sample. The black
and blue points are published results for thermal conductivity for sapphire crystals and alumina [97, O8].
The sapphire sample was a 3 mm single crystal, whereas the alumina used for the present study was

polycrystalline.

the entire millimeter wavelength range. It is seen that the loss tangent of alumina AJPF is greater than
those of alumina 99.5 LD and alumina 99.9. The optical properties of alumina do not depend on the
sample direction. Alumina is polycrystalline, and is composed of small cells of sapphire with a typical
size of a few pm. Since the crystal axis of each sapphire cell is random, bulk alumina has no crystal axis.
The loss tangents at room temperature are less than those at cold temperatures in both the millimeter

and sub-millimeter wavelength ranges.

The IoR increases as a function of frequency in the sub-millimeter wavelength range. Thus, this range
is within the regime of normal dispersion. The loss tangent of alumina 99.5 becomes large as it approaches
the sub-millimeter wavelength range, which we attribute to scattering from voids at the alumina surface
because this length scale agrees with the scattering length in the sub-millimeter wavelength range. The
IORs of alumina agree within the millimeter and sub-millimeter ranges. The IORs and loss tangents

found in this study are consistent with published values [i70].

The measured emissivities at 292 K are independent of purity and thickness. We estimated reflectance
using 4-mm-thick samples of alumina 99.5 LD, alumina 99.9 and alumina AJPF at 14 and 150 THz. We
obtain reflectance values of 0.22, 0.22 and 0.24, respectively. These values are consistent with published

values [96].
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C.2 Thermal properties

Alumina is known to be a polycrystalline, i.e. an alumina is a collection of small sapphire. The properties
of alumina depend on its purity, crystal size and sintering conditions. In this section, we discuss the
thermal conductivity of alumina at low temperature. Generally, the thermal conductivity depends on
the mean free path in the material as follows:

1
K= gcvvl, (C.1)

where ¢, is the specific heat, v is the group velocity, and [ is the mean free path. The specific heat is
described by Debye’s T? law (c, ~ T°). Therefore, the thermal conductivity of alumina is proportional
to T3. The thermal conductivity depends on the size effect and the Umklapp effect. the thermal
conductivity of alumina at higher temperatures, (about 80 to 300 K) also depends on the Umklapp
effect, which depends on the phonon scatterings [@74, 89, U8]. The purity of alumina and its voids are
one reason for such scattering. The measured thermal conductivity at 15 to 100 K therefore results from
contributions of the size effect and the Umkapp effect.

However, at lower temperatures, ~ 4 to 20 K, the Umklapp effect is suppressed and the thermal
conductivity of alumina depends on the mean free path. When the size of sapphire crystal is larger than
that of the mean free path, | become the mean free path of phonon in the crystal. The typical size
of mean free path of the sapphire is about 1 mm. However, if the size of sapphire crystal is less than
than that of the mean free path of phonon, the mean free path length is corresponding to crystal size.
Since the alumina consists the small sapphires, the amplitude of thermal conductivity of an alumina is
proportional to grain diameter of alumina [97, 99, G3].

Here,we measured the thermal conductivity of alumina between 4 K and 100 K as shown in Figure C4.
We over-plot the literature value of thermal conductivity of the sapphire and alumina sample [97, 99, O].

Figure T4 fits to the thermal conductivities between 4 K and 15 K. The fitting function is as follows:
Kk =pT?, (C.2)

where T is temperature. The results are shown in Table T, where g is restricted within 2.7 £0.1. The
published crystal size for sapphire is 3 mm, which is significantly larger than the mean free path of about
1 mm. Therefore, we can assume that the thermal conductivity of the sapphire is explained as the mean
free path of the phonos perfectly. From the ratio between amplitude of sapphire and alumina thermal
conductivity, the estimated crystal sizes of published alumina and measured alumina are 6.4 + 0.2 pym

and 3.2 + 0.1 pm, which is at the same order of the value in Table B7T as well as in the literature. [98]

C.3 Conclusion

We measured the thermal and optical properties of aluminas. The thermal conductivity and IoR of

alumina are greater than those of conventional millimeter wavelength optical elements. However, the
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Table C.1: Best fits of thermal conductivity by assuming Debye model. We fitted the thermal conductivity
as a function of temperature by using equation (C2). The parameter ¢ is restricted as ¢ = 2.7 + 0.1. The
mean free path of sample with a diameter of 3 mm is about 1 mm. We estimate the mean free path from

the size effect.

Name ) Mean free path [mm]
Sapphire (Berman) 1.8879-%3 1
Alumina (Berman) | 0.01273-0%3, 0.0064 + 0.0002
Measured 0.006079 5915 0.0032 + 0.0001

thermal contraction and loss tangent are less than those of conventional optical elements. These proper-
ties mean that alumina may offer significant advantages for use as optical elements in future millimeter

wavelength measurements.
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Appendix D

Development of mirror

We developed and off-axis elliptical mirror for laboratory measurements as shown in Fig. . The
elliptical mirror can change the focus from the Gregorian focus point to out of the receiver as shown in
Fig. BT2. The requirement of the mirror diameter is larger than 700 mm for covering beams sufficiently.
We designed the mirror shape using ZEMAX. The material of the mirror is Al5083 because of the high
durability. Of course, the return loss of high purity material is less than that of low purity material.
However, we decide the high durability material. The surface of the mirror is machined with a ball end
mill. Figure D= shows the milling machine. In order to reduce the deformation due to the cutting heat,
the mirror is cooled with water during the machining.

We measure the surface shape using CMM. The result of the measurement is shown in Fig. [OD3.
Figure D4 shows the difference between the designed and measured value. The measured roughness is

0.125 mm. Since the requirement of roughness is 0.6 mm, the measured value meets our requirement.
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700mm

Figure D.1: The designed mirror for laboratory tests .The diameter of the mirror is corresponding to the

beam size.
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