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Abstract

Cosmic Microwave Background (CMB) is the isotropic blackbody radiation with the tem-
perature of 2.725 K as today. In modern Cosmology, the observation of the linear polar-
ization of the CMB has received a lot of attention for the validation of inflation theories.
Inflation scenarios proposed the models of an exponential expansion which would happen
in the very early Universe. The rapid expansion had been expected to produce primordial
gravitational waves, which can be the only communicator in the era when photons could
not go straight. The primordial gravitational waves signal can be observed in the CMB
polarization. The CMB polarization can be decomposed to two patterns, called E-mode
and B-mode. The detection of this primordial B-mode proves the inflation theory. The next
generation satellite, LiteBIRD, is one of the satellites which aims to observe this B-mode.
LiteBIRD is the JAXA/ISAS strategic large class satellite mission and will observe full-sky
from the second Lagrange point (L2). LiteBIRD employs three telescopes, Low-, Mid-,
and High-Frequency Telescope (LFT/ MFT/HFT) in 15 frequency bands between 34 and
448 GHz. All telescopes adopt polarization modulation units (PMU), which are the instru-
ments for rotating a half-wave plate (HWP) continuously, to reduce a 1/ f noise and systemic
effects from the difference of orthogonal detectors. The PMUs adopt a brush-less motor
and a superconducting magnetic bearing to realize a contact-less rotation of the PMU rotor,
which will implement a five stacking layer sapphire HWP. In our study, we evaluate the
performances of the prototype of the LFT PMU of LiteBIRD. As the critical performance,
we evaluate the reconstruction method and the results of position angles of the HWP. This
HWP angle has a correspondence with the incident polarization angle which is used for the
demodulation of observation signals. The accuracy of reconstructed angles can depends on
a systematic effect which is a source of the leakage of £-mode into B-mode. Through the
study shown in chapter 3, the accuracy is estimated as 2.48 x 10~! arcmin, which satisfies
the design guidance value of 0.5 arcmin. The potential sources of the error of position
angles are investigated, and evaluated quantitatively. As a total, it is shown that the root
mean square of all error components is consistent with the angular accuracy due to the
measured periods. In addition to the above uncertainty of rotation angle, vibration of the

PMU rotor could be potential sources of noises. The PMU equipped with the non-contact



iv

rotation could be suffered from vertical vibration. Chapter 4 describes a measurement
of the vertical displacement of the PMU rotor with a Hall sensor and a capacitive sensor
in stable rotation at 1 Hz to show the displacement of the PMU rotor becomes 36 pm.
According to this displacement, two expected effects due to the vibration of the PMU rotor
are evaluated, and forecast the potential impact on the low-temperature detector system is

discussed in chapter 5.
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Chapter 1.

Introduction

1.1 Cosmic Microwave Background (CMB) and Standard
Cosmology

Big-Bang model is the model that predicts the early Universe was hotter and more dense
than the current Universe, supposed by (19; 20) in the 1940s. This model predicted
the expanding Universe from the point of the view of elements origin. Also, this model
predicted the temperature of radiations, ~5 K, which is the remnants of the hot and dense

Universe in the past.

Detection of the CMB

The predicted radiations are currently called the Cosmic Microwave Background (CMB).
The CMB was coincidentally discovered by an experiment shown in (21). A purpose of
this experiment was the measurement of an intensity of Cassiopeia A, which is one of
radio astronomical objects. The observation was done by horn antenna, which had a 6 m
x 6 m aperture as shown in Figure 1.1, in Bell laboratories in Holmdel, NJ, in USA. The
horn antenna could cancel the detector noise by measuring the sky temperature and the
cold load (5K). As the result, there was 3.5 K of the excess temperature component, which
can not be explained by signals from sky, any systematic effects, and detector noise. This
excess temperature could be observed in full sky, consistent with the prediction of Big-
Bang model, and finally concluded as the CMB. After this first detection, several following

instruments have observed the CMB.
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Figurel.1 Horn antenna used in Bell laboratories (1)

Discovery of the CMB anisotropy

In 1989, NASA launched a space telescope called Cosmic Background Explorer
(COBE) (22; 23). COBE enables the observation in full sky at 7° field of view, and
without contributions of the Earth atmosphere. COBE had three scientific telescope; the
differential microwave radiometer (DMR), the far-infrared absolute spectrophotometer
(FIRAS), and the diffuse infrared background experiment (DIBRE). Especially, the DMR
instrument is used for a precise full-sky observation at the scale of 10~ K. And the FIRAS
instrument is used for the spectrum of the CMB in the wavelength from 100 gm to 1 cm.
The COBE observation showed the full-sky CMB temperature map (Figure 1.2) has the
anisotropy (24; 25; 26). This is due to an inhomogenities of matter distribution in the

early Universe. Additionally, the CMB intensity spectrum has a good agreement with a
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Figurel.2 The full-sky temperature map by the CMB observation of COBE (2).

theoretical spectrum of blackbody at 2.725 K. This is the proof that there was a thermal
equilibrium between matters and radiations at the early Universe. Finally, all observation

results supported the Big-Bang model.

Cosmological parameters and A Cold Dark Matter Model

In 2001, NASA launched the CMB observation satellite, called Wilkinson Microwave
Anisotropy Probe (WMAP) (27; 5; 28; 29). Compared with the angular resolution of
COBE, 7°, WMAP has the higher angular resolution, 0.2°. The full-sky map from WMAP
is shown as Figure 1.4. This map can be disassembled as powers at a multipole moment,

¢, by using a spherical harmonic expansion, which can be shown as
:Zafmnm(97¢)7 (11)
Im

where 6 and ¢ are positions in spherical coordinates, ag,, is expansion coeflicients, and

Yo m (0, ¢) are the ¢-order spherical harmonic functions. By using the ayy,, the spectrum
C on the angular scale of the CMB temperature anisotropy can be shown as

= ——0 apmay 1.2

@ 26 n 1 Z ImUpp, - ( )

m=—/{
The angular power spectrum of the observed temperature map from WMAP is shown in

Figure 1.5. The results of WMAP enables to utilize the smaller scale structure (¢ ~ 1000)
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Figurel.3 The spectrum of the CMB intensity measured by the COBE FIRAS and the
theoretical spectrum of blackbody at 2.725 K (3; 4).

Figurel.4

The full-sky temperature map by the CMB observation of WMAP (5).
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Figurel.5 The power spectrum from the CMB temperature anisotropy from WMAP (5).

compared with the results of COBE (¢ < 20). The model of this power spectrum consists of
cosmological parameters, which are the basis of standard model of the Universe, so called
A Cold Dark Matter (ACDM) model. The fitting of the power spectrum from WMAP
reveals the cosmological parameters. The best fitting parameters are decided with ~1%

precision.

CMB measurement with further high sensitivity

The following CMB space telescope, Planck, also observed the anisotropic of the CMB
temperature and the pattern of CMB polarization (6). Planck was launched in 2009,
and has observed the full sky with high frequency instrument (HFI) and low frequency
instrument (LFI) until 2013. The observation frequency range was covered as nine bands
from 30 to 857 GHz by using both instruments. And the instruments have sub-Jansky
sensitivities and the higher angular resolution < 10 arcmin. Planck’s observation achieved
the measurement of almost cosmological parameters with better accuracy < 1 %. Figure 1.6

shows the full-sky map of the CMB temperature and polarization. The power spectrum of
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Figurel.6 The full-sky map of the CMB temperature and polarization from Planck

observation (6; 7).

the temperature anisotropy is shown as the curve of CMB-TT in Figure 1.7. This power
spectrum has the good agreement in all range of multipoles with the results of WMAP and

the ground observation instruments, ACT (30) and SPTpol (31; 32).

1.2 Inflation theory and CMB polarization

As above, standard cosmological model was mainly established by CMB measurement
results. This model can describe the status of current Universe, on the other hand, this
includes unsolved problems; horizon problem, flatness problem, magnetic monopole prob-
lem, and the origin of the large scale structure. These are solved by the cosmic inflation
theory which describe a scenario of an exponential expansion of the early Universe.

The cosmic inflation is a theoretical model which predicts an exponential cosmic expan-
sion happened at the early Universe. According to the theory of the cosmic inflation, the
origin of the inflation is from quantum fluctuations in the very early Universe, and which
made the primordial fluctuations. After the inflation, the Universe was filled with a hot
and dense plasma, and these are cooled by an accelerated expansion that continues today.
Mechanisms and details of the cosmic inflation vary by the theoretical models, but the
models predict the cosmic inflation generated a scalar mode (density perturbations) and
a tensor mode (primordial gravitational waves). These perturbations are imprinted in the

temperature and polarization anisotropies in the CMB photons at last scattering.
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Figurel.7 The power spectrum of the CMB temperature anisotropy and polarization

anisotropy (8).

Measurement of the CMB polarization

WMAP and Planck has observed the anisotropy of the CMB. The linear polarization

is produced by Thomson scattering of photons by electrons and a quadrupole temperature

anisotropy on the last scattering surface (see Figure 1.8). An information of the CMB

linear polarization can be expressed as Stokes parameters, I, ), and U. The parameters
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Figurel.8 A mechanism generating the linear polarization of the CMB (5).

are shown as

I=E, +Ey (1.3)
L2 .2

Q=Ey — Ey , (L.4)
.2 .2

U=FE;s —E_45 , (L.5)

where E, and Eg, are amplitudes of orthogonal electric fields of the CMB, and E,s and
E_ 5 are ones of electric fields of the CMB with polarization axes rotated 45 ° and -45°.
By using both parameters, a polarization intensity P and a polarization angle a can be

shown as

P=Q2+U?/I (1.6)

2a = arctan(U/Q). (1.7)
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The values of Stokes parameters depend on how a coordinate is defined. The Stokes
parameters () and U can be expanded as

[Q £iUJ(0,6) = > 52aemz2Yem (0, ), (1.8)

Im

where +2a,, and +2Y7,, are spin-2 expansion coeflicients and spin-2 spherical harmonics.
By using spin-2 expansion coefficients, the coordinate definition-independent expansion

E B
factors, a;;,, and a,,, can be shown as

afy, = —(200m + —200m)/2, (1.9)
aB = i(2apm — _2aem)/2. (1.10)

These parameters have no dependency in the definition of the coordinate, and each param-
eter is called £-mode and B-mode, respectively (33; 34; 35; 36). The E-mode is mainly
caused due to the temperature (density) anisotropy. On the other hand, small E-mode
and B-mode are caused by primordial gravitational waves predicted by an inflation of the
Universe.

WMAP and Planck have observed the E-mode of the CMB polarization and lensing
B-mode originated from the gravitational lensing effect. Especially, WMAP observed the
E-mode in full sky at the first time (5). And Planck fulfilled the E-mode observation
with the higher angular resolution, higher sensitivity, wider observation frequency range
and lower noise than WMAP. Both power spectram of WMAP and Planck are shown in
Figure 1.7.

Additionally, several ground experiments and balloon experiments have also targeted the

CMB polarization in this decade.

Validation of the cosmic inflation

If the inflation was in early Universe, there were primordial gravitational waves by the
highly rapid expansion. In the duration between the inflation and the last scattering surface,
photons cannot go straight by the frequent scattering with electrons. Then, primordial
gravitational waves have stirred in the Universe during this period. As results, primordial
gravitational waves engraves the special pattern of the CMB polarization, called primordial
B-mode. The detection of this pattern is the crucial parameter for the validation of inflation

scenario.
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Lensing B-modes

The lensing B-mode is the F-mode twisted by the gravitational lensing effect. This
B-mode is not related to the origin of the primordial B-mode. In the power spectrum, the
peak of primordial B-modes is expected to be at large scales, ¢ ~ 100. On the other hand,
the peak of lensing B-mode is expected to be at £ ~ 1000.

The fisrt detection of the lensing B-modes has been done by the ground experiment,
South Pole Telescope (SPTpol), with the infrared observation map by the Hershel space
observatory at 7.7¢ significance (31). Additionally, the ground experiment, POLARBEAR
and BICEP2, also detect the lensing B-modes, and showed its power spectrum (37; 38; 39;
40). Their observations revealed that the peak of lensing B-modes exists in the expected
multipole, ¢ ~ 1000, shown in Figure 1.7 (41).

The lensing B-modes are the foreground signal which has the different dependency
in observation frequency from the primordial B-mode. Therefore, the multi-frequency

observations enables the separation of these signals (42; 43; 6).

Detection of primordial B-modes?

Once the observation of BICEP2 showed the candidate of the power spectrum bump
of primordial B-modes in 2014 (44; 39). The observation result of BICEP2 showed the
excess bump, which is inconsistent with lensing B-modes, in the range 30 < ¢ < 150
with 30 significance. This excess was hoped to be due to primordial gravitational waves,
however, the excess bump could have the possibility due to the contribution of polarized
dust emission. Therefore, the definitive proof of primordial B-modes has not been detected

yet.

Scale invariance and tensor-to-scalar ratio

Planck also decided the index of power spectrum of the primordial fluctuation, called a
scale invariance ng, as 0.967 with less than 1 %.
And the primordial B-mode power depends on the tensor-to-scalar ratio, ». The major

inflation models predict the value of » > 0.01 (45). The upper limit of r is limited by
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observation results as < 0.036 (46).
The observation of primordial B-mode and the decision of  with high significance are

the direct proof of the cosmic inflation, and there is the fierce competition to fulfill them

by several experiment.
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LiteBIRD

Next generation satellite, LiteBIRD, is one of the instruments which aim to detect
the definitive proof of primordial B-modes (8; 10). The following sections introduces

LiteBIRD from various perspectives.

2.1 Science goal

LiteBIRD aims to observe two bumps of the primordial B-mode power spectrum with
higher significance. The power spectrum of the primordial B-mode is expected to have the
bumps in ¢ ~ 10, called the reionization bump, and in ¢ ~ 80, called the recombination
bump (47). The recombination bump is the prominent structure happened during the
epoch for which the electrons and protons became the hydrogen atoms, and this epoch
was neutral. The reionization bump is generated from the epoch for which the hydrogen
atoms were ionizied by ultraviolet rays from first stars. There is the possibility that the
ground-based observatory can detect reionization bump. On the other hand, the full sky
survey of LiteBIRD has the possibility to detect both bumps.

However, the detection of both bumps in the B-mode power spectrum needs the un-
precedented detector precision and control of all systematic effects. When the error of
tensor-to-scalar ratio r is defined as dr, LiteBIRD aims to achieve §r < 0.001 to verify
well-motivated inflation models that predict » > 0.01. dr consists of all uncertainties, such

as instrumental systematics, in the observation of primordial B-mode.

13
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2.2 Foreground removals

In the observation of the CMB temperature and polarization, the foreground emissions
are one of major origins which generate systematic effects. Especially in the polarization
measurement, there are two major origins of foreground emissions in radio band; electrons
which move in a spiral motion in the Galactic magnetic field, and interstellar dusts aligned
with the Galactic magnetic field. The electrons produce synchrotron emissions, which are
dominant at lower frequency (< 80 GHz), and thermal dust emissions, which are dominant
at higher frequency (> 80 GHz) (6).

Contributions of both foreground origins in the CMB polarization are measured by
Planck, which shown in Figure 2.1. The intensity of the synchrotron radiation can be
modeled as the power law,

Is = Al (if , 2.1)
Yo
where v is the observation frequency, A! is the specific polarized intensity, v is the pivot
frequency, and S, is the spectral index (48). On the other hand, the dust emission model
1s described as
Ba
Iy = A (%) B,(Ta), (22)
Yo
where Al is the dimensionless amplitude, v¢ is the pivot frequency, 34 is the spectral index,
and B, (Ty) is the Planck function at the temperature of the thermal dust, T, (48). Both
spectral indices, 3, and 4, are determined as —3.1 4+ 0.1 and 1.55 + 0.05, respectively, by
the results of Planck (49).

The frequency dependence of both foreground emissions differ from the CMB polariza-
tion significantly. For this separation, LiteBIRD observes full sky in 15 frequency bands
from 34 GHz to 448 GHz. Thus, the multi-frequency bands observation of LiteBIRD allow
us to distinguish the CMB signal from the foreground.
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Figure2.1 The power spectrum of synchrotron emissions, thermal dust emissions, and

the CMB polarization by the measurement of Planck (6;7).

2.3 Mission overview

The summarized parameters of the mission overview of LiteBIRD are in Table 2.1.
LiteBIRD will observe full sky to detect the primordial B-mode in lower multipoles (8) .
This satellite will be launched to Sun-Earth Lagrangian point, called L2, to avoid the effects
of radiations from Sun, Moon, and Earth.

To prevent the detection of the sun light, LiteBIRD will adopt a sun shield and the
payload module will observe the opposite direction anytime (see left panel of Figure 2.2).
The operation will be carried out for three years. The precession cycle is ~3 hours with
45° tilted respect to the anti-sun direction, and the spin period is 20 min with 50° respect to
the rotation axis of LiteBIRD (see right panel of Figure 2.2). In the payload module, there
are three frequency range telescopes, called High/Mid/Low-Frequency Telescope (HFT,
MFT, and LFT), shown as Figure 2.3.

Each telescope has also the detectors in subdivided frequency bands, shown in Table 2.2.
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Figure2.2 Left: the overview model of LiteBIRD (8). Right: the Scans of LiteBIRD
with 50° of spin angle and 45° of precession angle at L2 (9).
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Figure2.3 The overview of payload modules in LiteBIRD (10).
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Table2.1 Parameters of current baseline of LiteBIRD in the mission overview (9).

Launch schedule 2027 FY
Observation period 3 years
Target sensitivity of

or < 0.001
tensor-to-scalar ratio r
Target of multipole range 2 < ¢ <200

Second Sun—Earth Lagrangian point L2;

Orbit
Lissajous orbit
Precession angle 45°
Precession rate 0.001 - 0.01 rpm
Spin angle 50°
Spin rate 0.05-0.1 rpm

Pointing knowledge

< 2.1 arcmin

Focal-plane detector

Multi-chroic superconducting detector arrays

with more than 4000 TES bolometers

Sensitivity

2.0 pK-arcmin

Observing frequencies

15 bands between 34 and 448 GHz
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Table2.2 The center frequency and the frequency band of LiteBIRD telescopes (10).

Center Frequency band [GHz]
Telescope Band ID
Frequency [GHz] (Fraction)
LFT 1 40 12 (0.30)
LFT 2 50 15 (0.30)
LFT 3 60 14 (0.23)
LFT 4 68 16 (0.23)
LFT
5 78 18 (0.23)
combined
LFT
6 89 20 (0.23)
combined
LFT/MFT
7 100 23 (0.23)
combined
LFT/MFT
8 119 36 (0.30)
combined
LFT/MFT
9 140 42 (0.30)
combined
MFT 10 166 50 (0.30)
MFT/HFT
11 195 59 (0.30)
combined
HFT 12 235 71 (0.30)
HFT 13 280 84 (0.30)
HFT 14 337 101 (0.30)
HFT 15 402 92 (0.23)

2.4 Low-frequency telescope

LFT is mainly targeting on the CMB polarization and the synchrotron radiations to
remove foreground contributions. The covered frequency range is from 34 GHz to 161 GHz

divided by nine frequency bands, shown in Table 2.2. The internal structure of the optical
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Figure2.4 Left: The overview of LFT in LiteBIRD. Right: A diagram of the tracking
of rays in LFT. Both figures are from (10).

system is shown as Figure 2.4. In the entrance of the optical system, a polarization
modulator unit (PMU) will be used, and which is explained in Section 2.5. The LFT adopts
the crossed-Dragone optical system, which uses two mirrors to converge light on the focal
plane. The configuration has the major advantage of the wide field-of-view (18° x 9°).
The focal plane has 400 mm of the aperture diameter, and this consists of the multi-chroic
transition-edge sensor (TES) bolometers. The TES detectors in this focal plane are cooled
down to 100 mK. Due to this system, the LFT will satisfy the requirement of the sensitivity

for the detection of the primordial B-mode, 2.0 ©K-arcmin.

2.5 LFT polarization modulator unit

The PMU are the instrument to control major noise and systematic effects. The CAD
design of the current LFT PMU model is shown as Figure 2.5. The LFT PMU will employ
the multi-layer achromatic half-wave plate (HWP) made of the sapphire in order to cover
the LFT frequency bandwidth (12; 50; 13).

The HWP can rotate the incident linear polarization signal 2 x y, where y is the angle
between the incident polarization angle and the optic axis of the HWP. This process is
shown as Figure 2.6. Defining the rotational frequency of the HWP as f,.,;, this makes the
sky signal to up-convert at the rate of 4 f,.,; (15; 16), as shown in Figure 2.7. Therefore,

this mechanism can reduce the effective instrumental polarization effects, called 1/ f noise.
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Figure2.5 The CAD model of the LFT PMU in LiteBIRD (11). The HWP consists of
five a-cut sapphire plates, and we stack them with different configuration in the optic axis
for the broadband operation (12; 13). We machine sub-wavelength structures (SWS) on
the outside of plates as a broadband anti-reflection (14).

Three-layer AHWP

, ¢ Optic axis  Outgoing A single polarization

. .
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Figure2.6 The modulation mechanism of an incident polarization signal with three-
layer AHWP (15).
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In general, the reconstruction of linear polarization signals requires the orthogonal
detectors. In this measurement, the difference of both detector performances is the origin

of systematic effects. For example, signals of orthogonal detectors can be shown as

do = ga(I + Qcos2¢, + Usin2¢, ), (2.3)
dp = go(I + Qcos2¢y, + Usin2¢y), (2.4)

where g, and g, are gains of both detectors, and ¢, and ¢; are polarization angles for both

detectors. Stokes parameters are calculated by the difference of d, and d;, shown as
Ad = (ga — gv)I + (gacos2¢, — gpcos2¢p)Q + (gasin2¢, — gpsin2¢,)U.  (2.5)

Therefore, Ad will have the unpolarized component depending on the difference of gains of
both detectors. With the HWP polarimetry, we can measure the linear polarization signal
with a single polarization sensitive detector. This can reduce the systematic effect due to
the difference of detectors’ performances which is shown above.

The continuous rotating mechanism of the PMU will adopt a superconducting magnetic
bearing (SMB) and a brush-less motor to reduce the instrumental heat dissipation. The
prototype of the LFT PMU is shown as Figure 2.8. The development of this prototype is
described in the following sections.

The SMB is the levitation system by using permanent magnets and high temperature
superconductors (HTS). The PMU rotor which have the HWP has a ring-shaped array
consisted of the segments of permanent magnets at the bottom. And the HTS also has a
ring-shaped array and is fixed under the PMU rotor. In the cooled environment at less than
the transition temperature of the used HTS, the SMB is activated and the magnets are fixed
by a pinning effect in axial and radial directions. Because the PMU will be operated at less
than 10 K in space, the SMB can be activated and the rotor can be levitated without any
contact.

As the driver mechanism for the continuously stable rotation of the HWP, the PMU
mounts the brush-less motor. Compared to the brushed motor, this motor realize the
continuously stable rotation with lower heat dissipation, which is one of the instrumental
systematic effects shown in Section 2.6. This motor consists of coils implemented in
the PMU stator and permanent magnets implemented in the PMU rotor. With flowing

three-phase alternating currents (AC) in coils, the PMU rotor can rotate at the rotational
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Figure2.8 Left: the overview of the prototype of LFT PMU and major instruments
mounted on the PMU. Right: the cross section of LFT PMU. This figures are based on
(115 17).

frequency f,,: according to
frot = fc/(P/2)7 (26)

where f. is the frequency of currents, and P is the poles of permanent magnets for driving.

Before the launch of LiteBIRD, the PMU rotor will be fixed by cryogenic grippers and
the holding mechanism. In the space, grippers are released from the PMU rotor in the
proper height to the HTS. The PMU rotor is expected to rotate for three years. The rotor

will be held by grippers when the HWP has an unexpected temperature or emergency cases.

2.6 Purpose of this thesis

As mentioned, the LFT PMU can reduce the 1/f noise and systematic effects in the
observation of the primordial B-mode. And the focal plane will have amounts of TES
bolometers to satisfy the necessary sensitivity. On the other hand, the PMU makes its
instrumental systematic effects. Table 2.9 shows the current design guidance values for

the engineering model and the flight model (EM and FM) of the LFT PMU. The design of
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Parameter BBM target | Achieved Rationale

HWP optical area >300 mm 330 mm For demonstration toward the demonstration
model of ¢ ~500 mm

HWP transmittance ( | > 97% 91%~98% Sensitivity calculation, frequency-dependent

34 - 161 GHz ) requirements should be given by a detailed
systematic error study

HWP polarization effi- | > 98% 80%~99% Same as above

ciency (34 - 161 GHz)

HWP temperature < 20K 34K From optical loading requirement in sensitiv-
ity caleulation

Heat dissipation < 4 mW 7~20 mW Budget assigned from cooling power of 4 K
|| lcu:]('l'

Rotation frequency 16 rpm ["30~120 rpim Negligible 1/ f noise

Encoder accuracy 0.5 arcmin | 0.25 arcmin Tentative polarization angle requirement of
Aa <1 arcmin'®

Mass <20 kg | 34 kg <30 kg for DM of ¢ ~500 mm, satellite sys-

tem resources and cooling power

Figure2.9 Table of target values and achieved values of the prototype instruments of
the LFT PMU (11).

EM/FM of the LFT PMU is polished up by the evaluation results of the prototype of the
LFT PMU.

This prototype is designed, developed, and tested in Kavli Institute for the Physics and
Mathematics of the Universe (IPMU), the University of Tokyo, Japan. The prototype is the
semi-real size model which has the diameter of 330 mm as the size of the AHWP. Each
parameter shown in Table 2.9 is measured in the experiment of each individual instrument,
not in the experiment using the integrated model of the HWP and the rotation mechanism.
For example, the transmittance of the HWP is tested by using small size model, whose
diameter ¢ is 50 mm, of two-layer AHWP (14; 51). This has the Sub-Wavelength Structure
(SWS) on top surface and bottom surface of two-layer sapphires. The SWS has the roll of
the broadband anti-reflection to satisfy the target values of the transmittance. This structure
has the pyramidal shape, which are fabricated by the ultra-short pulsed laser ablation, and
this structure is shown in the left panel of Figure 2.10. The transmittance depends on the
frequency of light. In the experiment at room temperature, the transmittance in the target
frequency range of LiteBIRD LFT has achieved from 91 % to 98 %, shown in the right

panel of Figure 2.10. As another example, we have the target value in the instrumental
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Figure2.10 Left: small size samples that the SWS was fabricated, and a confocal
microscopy image of the SWS shape. Right: the transmittance performances of the
small size five-layer AHWP, which has the SWS in the top and back surface (14; 11).

heat dissipation (11). The prototype of the rotation mechanism is tested in the 4K Gifford-
McMahon (GM) cryostat, shown as Figure 2.11, at the laboratory experiment. This has
1.5 W cooling power at the 4 K stage, and cools down less than 10 K. The prototype of the
rotation mechanism gives off the heat by 1) the light emitting diode (LED) of the optical
encoder, which has explained in Section 3.2, ii) the Joule heat due to the three-phase
current, and iii) the eddy current and the hysteresis loss due to the SMB. Second and
third components are produced when the PMU rotor spins. Especially, third component is
calculated from the rotational frequency decay when the PMU rotor spins freely, and the
value is estimated as ~20 mW (11).

In this thesis, we focus on systematic effects produced by the rotation mechanism.
Especially, we discuss the reconstruction accuracy of the rotational angle of HWP and the

potential effects of the vibration of the PMU rotor.
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ADR cryostat for LiteBIRD
detector system
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Figure2.11 The 4K GM cryostat for PMU test and the adiabatic demagnetization re-
frigerator (ADR) cryostat for LiteBIRD detector system in Kavli IPMU.
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Reconstruction of polarization
angles

3.1 Requirement

LiteBIRD observes the CMB polarization surveying all sky. The observed signal is
modulated by the PMU, and the modulated signal is described as a linear combination of

Stokes parameters. When we define the modulation signal as d, this is shown as

d (Lin, + €Qin cosdpyp, + €Uy, sindpy,) (3.1

_1

2
= %Im [1 4+ €P;y, cos (4pp — 2ay)] (3.2)
where I,,,, Q;, and U;,, are the Stokes parameters of incident linear polarization signals, P;,
is the polarization fraction (\/m /Iin), pr is the position angle of the continuous
rotating HWP, and «,, is the polarization angle of the incident polarization. The phase of
the modulation signal, ¢, is in the relation with the polarization angle as 4¢ = 2«;, (52)
. Therefore, we measure the polarization angles by the position angles of the continuous
rotating HWP. The method how we reconstruct the HWP position angles is shown in
Section 3.2. The reconstruction accuracy of the polarization angle, defined as Aq, is
one of the systematic effects introducing the F-mode leakage in the observed B-mode.
The observation results of WMAP (27) shows that the power spectrum of the observed

BB,obs -
B-mode, C,”7"°"*, is shown as

CfB’ObS = CFFsin?(2Aa) + CPPcos?(2Aq), (3.3)

27
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where CFF is the power spectrum of the E-mode, and C2P is the power spectrum of the
primordial B-mode. The term CF¥¥sin?(2Aq) is the leakage of E-mode depending on A«
in the observed B-mode.

The design guidance value of the accuracy of the polarization angle is required for the
develoment and the evaluation of the prototype of the LFT PMU. Currently, the value is
assigned as 1 arcmin for the accuracy of the polarization angle. Thus, the design guidance
value of the accuracy of the HWP position angle is 0.5 arcmin.

This chapter is based on S. Sugiyama et al. (18). And figures are quoted from (18).

3.2 Measurement method
Rotation mechanism and optical encoder

We measure the HWP position angle by counting optical encoder signals modulated by

an optical chopper, which are shown in Figure 3.1. The optical encoder consists of a light

Optical chopper Optical encoder

L

Photodiode

=)

Figure3.1 The CAD models of an optical chopper and an optical encoder. Figures are
based on (18).

emitting diode (LED) and a silicon photodiode (SiPD). The optical chopper mounted on
the prototype of the LFT PMU has 128 slots, which has the rectangular shape, on the

outer circumference of the chopper. The encoder reads vacant slots of the rotated encoder
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disc. When the encoder disc rotates periodically, the shape of the signal of the SiPD
is expected to be periodic square waves. Figure 3.2 shows sample signals obtained by
encoders, described on Section 3.3. In this figure, we see signals of two encoders set at the
positions of 128 slots, called A and B phases, and one encoder set at the position of 1 slot,

called Z phase.

0.8
0.6 ( \ ( \
S 0.4
=
L 0.2
0.0-\""“*-7=‘J PR J«»

2.800 2.825 2.850 2.875 2.900 2.925 2.950 2.975 3.000
Time [s] le-1

Figure3.2 The signals of encoders at 1 Hz rotation. Blue and orange curves are the
output of encoders set at the position of 128 slots, and green curve is the one at the

position of 1 slot. This figure is based on the study (18).

Bandwidth constraints

The encoder signal data of HWP position angles shall be reduced because of the limited
transmission bandwidth between the Sun-Earth second Lagrange point and ground stations.
For a deep space mission, the typical telemetry is to use X-band (10 Mbps). In recent years,
a broader bandwidth, Ka-band (128 Mbps or more), is available, but it depends on a weather
conditions on Earth.

The allocated data rate for the encoder signal will be a small fraction of the available
total bandwidth because a large fraction of the transfer data volume is taken by the detector

signals. Assuming we can assign 1 hour for the data transfer time in one day, the total
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transferable data is 45 GB and 576 GB for X-band and Ka-band, respectively. An assumed
0.1 % of the total data volume can be allocated for the HWP encoder data, the target value
of the transferable data volume is 0.62 GB per day.

Based on the target value of the angle reconstruction accuracy of 0.5 arcmin, a required
sampling rate of one encoder signal becomes 43.2 kHz at 1 Hz rotation. Assuming the
sample data resolution as 2 Bytes, the corresponding bandwidth is 86.4 f,.,. kBps per
encoder. Therefore, the data transfer volume per day is equivalent to 7.46 GB per encoder.
This far exceeds the estimated data volume for the encoder signal data. Therefore, we need

on the board algorithm to reduce the encoder signal data.

Algorithm for the position angle reconstruction

The left panel of Figure 3.3 shows the block diagram of the developed algorithm to

calculate the periods of encoder signals. We set thresholds at 3/4 and 1/4 of the maximum

Switch value = 1 0.7 1

| 0:6- r’\ r-\ m m m
Digitize data of |, '

0.54

encoder signal = p High-T
= 0.41 |
)
0 Data > No Q@ 0.3 [
Low-T § 0.2 .

1 , Yes 0.1 Low-T
4
No aiagt:_; Switch value => 1 0.0 J 4 d 4 2

] Yes l —0.1+4

0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050
Switch value => 0 Calculate At;, [ Time [s]

Figure3.3 Left: block diagram of the developed algorithm. Right: outputs of the
encoder (blue curve) and the developed algorithm. Red dash lines are thresholds at
3/4 and 1/4 of the maximum voltage. Orange data are the points of intersection of an

encoder signal and the lower threshold. Figures are based on (18).

voltage of encoder signals (see the right plot of Figure 3.3) to detect the edge of each pulses.
This is an applied Schmitt trigger method, which is robust against noise in the encoder
signal (53) . Extracting two successive data points above and below the lower threshold,
we calculate the time of the intersection point between the lower threshold and the linearly

interpolated line from two data. The time of the intersection point is defined as ¢; ,. The
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subscripts of i and n are the slot position number and n*" rotation, respectively. By using
t;.n, the periods of encoder signals in A and B phases can be defined as At; ,, and shown

as
At =tivin —tin. (3.4)

The same derivation is used for the period of Z phase, AtZ. This period is corresponding

to the rotation period. The rotation angle per each slot p; ,, is shown as
Pin = 360 fr_ot Ati,ndegﬂf@; (35)

where f,.; is the rotational frequency of the encoder disc. Assuming f,..; is constant, the

error of rotational angles per slot can be defined as
o, = 360 frot oardegree, (3.6)

where o a; is a standard deviation of measured periods in A and B phases, and this is shown

as
1 128 n<nr 1 128 n<nr
= _— Azn__ A7,’)’1127 *
T\ N2y 2 Bl 2 2 At 7

where NV is the number of periods at B phase, T is the acquired time of encoder data, and

np is the number of revolution within a period of 7.

3.3 Rotation experiment

We evaluate the method described in the previous section utilizing a prototype model.
The prototype of the LFT PMU, as shown in Figure 2.8, is operated on the temperature of
77 K by using liquid nitrogen (LN2) or below 10 K using the 4 K GM cryostat in Kavli
IPMU. We spin the PMU rotor by using AC driver motor and measure periods of encoders
at B and Z phases by the FPGA board. The raw encoder signal is processed in a 12-bit
analog-to-digital converter, Pmod AD1, and a ready-made FPGA board, Spartan-6 SP605
(see Figure 3.4). The input clock frequency is 1.9 MHz, and the AD conversion needs the
number of bits per sample, 19-bit. Thus, the sampling rate in the FPGA board is 100 kHz.

We employ data sizes of periods of the encoder signal in B and Z phases as 3 Bytes and
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Figure3.4 The evaluation board of the FPGA used in this experiment.

4 Bytes, respectively. The data from the FPGA board are sent to the PC through a serial
transmission.

We carry out the experiments under two conditions; constant rotation at 1 Hz, which
is a representative rotational frequency, in 4K GM cryostat, and free rotation without any
external drive torque in LN2. These results are used to calculate the total angular error and

the subdivision of the error.

3.4 Result

Figure 3.5 is the recorded period from the optical encoder in B phase when we rotated
the PMU rotor at 1 Hz in the 4K GM cryostat. The obtained mean of the period becomes
7.81 x 1073 sec which is consistent with the expected value, 1/128. The derived standard
deviation of periods becomes 1.15 x 107° sec. In the same way, the rotational frequency
is calculated from the signal of the optical encoder in Z phase. The mean of the rotation
frequency becomes 1.00 Hz, which is equivalent to the expected value, for 10 min. Due to

Equation 3.6, the angular accuracy becomes 2.48 x 10! arcmin. Therefore, the value of
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Figure3.5 The timeline of recorded periods of the encoder signal in B phase when we
rotate the PMU rotor at 1 Hz in the 4K GM cryostat. The time in x-axis is the cumulative

of periods. This figure is based on (18).
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Figure3.6 Left: the nonequispaced fast Fourier transform result of the measured period,
At; », shown in Figure 3.5. Right: the mean and the error of the period folded within one
revolution with the binning of 128 slots. The error is represented as a standard deviation
of the period. Figures are based on the study (18).

measured angular error satisfies the target guidance value, 0.5 arcmin.

The left panel of Figure 3.6 shows the nonequispaced fast Fourier transform result of
the measured period fluctuation. The result shows flat amplitudes above 102 Hz, and
larger fluctuations below 1072 Hz, and a peak at 1.30 x 10~ Hz. The former shows the
rotational stability of the PMU rotor over 10 min. The rotation stability for operating time

of LiteBIRD will be required in the future experiment, more discussed in Section 5.
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Figure3.7 Left: The histogram of the mean period in each slot position shown in the
right panel of Figure 3.6. Right: The histogram of the asynchronous component of

periods over 10 min. Figures are based on (18).

The right panel of Figure 3.6 shows the mean and the standard deviation of periods which
are folded within one revolution by the binning of the 128 slots. There is a trend of the
rotational synchronous variation within one rotation period. The left panel of Figure 3.7
shows the histogram of the mean period, as shown in the right panel of Figure 3.6. The
standard deviation of this mean period is 7.88 x 107° sec. Therefore, the corresponding
component of the angular reconstruction accuracy is 1.70 x 10~! arcmin.

The mean of periods within one revolution can be treated as a template. We subtract
this template from the whole period data to estimate the asynchronous component of the
period variations over 10 min. The right panel of Figure 3.7 shows the histogram of
the asynchronous component. The standard deviation of the asynchronous component
of the one-slot periods over 10 min is 8.34 x 107% sec, therefore, this corresponds to
1.80 x 10~ ! arcmin.

In the case of the continuous rotation at 1 Hz, the corresponding data volume for the

periods to achieve this reconstruction accuracy is

86400 s

(3byte x 128 + 4 byte) x = 0.03 GB/day. (3.8)

Therefore, the transfer data volume i1s 0.03 GB/day when the data capacity as 3 byte and
4 byte for each period of B phase and Z phase, respectively. Assuming we require two
encoders in A phase and two in B phase for higher angular resolution, the transfer data
volume is 0.12 GB/day. This value satisfies the requirement of the transfer data volume,

0.62 GB/day.
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Note that the total angle error shown this section is estimated from the raw periods of the
encoder without any processes, such as the down-sampling process and the clock timing
adjustment with LiteBIRD detectors. And it should be emphasized that the parameters used
in this thesis, such as the number of slots in the optical chopper, the number of encoders,

and the assigned data capacity of the period in each phase, are tentative design values.

3.5 Discussion

The measured period variations are subdivided to potential causes. As the large classi-
fication, we can split the period variations into two categories; the rotational synchronous
period variation and the rotational asynchronous period variation. In this section, we
discuss six potential causes in each variation, estimate their magnitudes, and compare the
total accuracy shown in the previous section and the RMS of all estimations. The measured

variations, estimated as potential source effects, are summarized in Table 3.1.

Non-uniformity of slot width

As mentioned, the prototype of the LFT PMU employs the aluminum optical chopper.
Because the equally-spaced slots are fabricated in this chopper with medium tolerance
~0.1 mm, we expect the period variation has the error due to the fabrication accuracy.

We uses the measurement results of a coordinate measuring machine (CMM) for the
estimation of the effects of the fabrication accuracy. The CMM measures the coordinates
of inside of each slot, and we calculate the each width between the edges of adjacent slots.
The calculated widths are shown in Figure 3.8. With this measurement result, we obtain the
standard deviation of the width §; as 4.18 x 10~3 mm. Assuming the rotational frequency
frot and the radius of the center of slots  are constant, the period variation by the width
variation oa¢, , is shown as

)

27”0][7?075 7

where fr.o; is 1 Hz and r is 243.5 mm. Therefore, o, , becomes 2.73 x 10~¢ sec. Thus,

(3.9)

OAt;;, =

the contribution of this cause in the angular error is estimated as 5.90 x 102 arcmin.
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Figure3.8 The distance of adjacent slots in the optical chopper. This figure is based on (18).

Misalignment of the PMU rotor

The prototype of the LFT PMU consists of two major components; the PMU rotor and
the PMU stator. Because the PMU rotor is completely non-contact, the PMU rotor is
aligned only by the centering jigs to fix the rotation axis. With any misalignment in the
radial direction, the encoder cannot readout the center positions of slots. This potentially
causes variation in the measured period. Assuming the amplitude of the radial transitional
displacement ér by 0.4 mm, which is the tolerance of the fabrication accuracy of the rotor
centering jigs, the variation due to this contribution oa¢, ,. is shown as

l

B 27TT2 fr_ot

sr, (3.10)

O-Ati,'r‘

where the width of slots / is 11.95 mm. In results, oa;, . can become 1.28 x 1075 sec.

Thus, the corresponding angle error is estimated as 2.77 x 10~! arcmin.
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Figure3.9 Left: The rotational frequency as a function of time when the rotor freely
spins down. Right: The fractional rotational frequency variation as a function of the
rotational frequency obtained from the left panel. The orange is the best fit curve using
a model equation in Equation 3.13. The green and pink are the first two terms and the

last term of Equation 3.13, respectively. Figures are based on (18).

Magnetic field variation

The ring of the HTS and the permanent magnets are consisted of each material’s cuboid
segment. When the HTS ring of the SMB is cooled below its transition temperature, the
HTS traps the magnetic field of rotor magnets. The traps will be happened in the same
positions and this causes the torque variation during its rotation. Therefore, it makes the
rotation synchronous frequency variation (54).

To distinguish the rotational period variation caused by the trapping of the magnetic field
and the non-uniform torque applied by the AC motor, we estimate this contribution by the
result of the free rotation experiment using LN2 bath. The left panel of Figure 3.9 shows
the rotation frequency calculated by the period in B phase when the PMU rotor is in free
spin. Then, the HTS ring is submerged in LN2 and the rotor is above the liquid surface.

We fit the rotation frequency curve with a model as

c bt—a
ro - , 3.11
f t 27h € ( )

where a, b, and c are the fitting parameters. Based on the previous study, we compute the

fractional speed variation in each rotation as

o= (f?"ot,maa: - frot,min)/frota (312)
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where frotmaz and frormin are the maximum and the minimum rotation frequencies in
each rotation. The right panel of Figure 3.9 shows ¢ as a function of time. The model of

this fitting is

6 =/1.0+a/(frot + )2 — 1.0 +c. (3.13)

The first two terms are for the fractional speed variation originated from the interference
of the magnetic field, and the third term is the offset which will be due to the noise in the
encoder signal. When we extrapolate the fitting model at 1 Hz, the fractional speed variation
is § = 2.22 x 10~%. Then, the corresponding variation of the period is 8.80 x 10~7 sec.

Therefore, this contribution to the HWP angle error is 1.86 x 102 arcmin.

Variation of motor drive current

The rotation of the PMU rotor is controlled by the motor drive electronics, which gives
three-phase currents described in Section 2.5. If the current contains instability, the drive
torque varies correspondingly. Because the drive frequency has the relation shown as
Equation 2.6 and the number of poles of this motor is 24, we assign the current frequency
as 12 Hz for 1 Hz of rotation.

We can propagate the angular velocity variation as

dw,y = @ (3.14)

o dtCTirms

- (3.15)

where 7 is the torque variation, [ is the inertia of the rotor, and C'; is the torque constant.
The drive current should be produced by the design to provide a fixed torque. Assuming
that a feature in the current will fully contribute as the torque variation, the instability of the
current variation is represented as the RMS of the motor drive currenti,.,,s. The input values
for the prototype system as I = 0.67 kgm?, C; = 0.59 Nm/A, and 7,,,, = 1.34 x 1072 A

give
dw,, = 1.14 x 1072 dt. (3.16)

Because the three-phase current is operated with the period as 1/12 sec, we introduce this

value in the time scale of dt. As a result, this contribution of the period variation in the
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Figure3.10 Left: The simulated encoder signal with and without the estimated inter-
ference noise. Right: The template of the interference noise which has a periodicity of
1/7.62 sec (blue). Red bars are the standard deviation in each bin. Figures are based on
(18).

time scale of each slot becomes 1.18 x 107% sec. The corresponding angular error is

2.55 x 10~2 arcmin.

Interference noise in encoder data

The noise in the encoder signal can contribute as the rotational asynchronous period
variation. Two components is expected as the components of noise: the white noise and
the periodic noise at the frequency of 7.62 Hz and its harmonics. The latter is produced by
the interference of the motor drive electronics. The used interfaces are also the prototype,
therefore, it can be improved in the future design iteration. The left panel of Figure 3.10
shows the template continuous signal of the encoder signal in B phase. The difference
between the two curves, shown as blue and orange, is the interference noise. The shown
signal without this noise is created by a template of one pulse, which is the averaged pulse
of the real encoder signal. Then, we subtract this template from the real encoder data and
fold the residuals to the periodicity at 7.62 Hz. The right panel of Figure 3.10 shows the
mean and standard deviation of the binned interference noise. We analyze the simulated
signal merged the continuous template signal and the binned interference noise by using
a python based software which has the same algorithm implemented on the FPGA board.
The period variation from this interference is 7.25 x 10~% sec, and the corresponding

angular error is 1.57 x 10! arcmin at 1 Hz of the rotational frequency.
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We also estimate the impact from the white noise, which is represented as the recorded
voltages when we turn the driver off. Then, the standard deviation of the voltage is
4.40 x 10~ V. This white noise contributes to the period variation to be 3.60 x 10~ sec.

The corresponding angular error is 10~2 arcmin at 1 Hz rotation.

Summary of the estimations

The estimated period variations and angular error are summarized in Table 3.1. The
total period variation is 1.15 x 1075 sec, and this corresponds to the reconstructed angle
variation of 2.48 x 10~! arcmin at 1 Hz of the rotation frequency. This satisfies the
established design guidance value, 0.5 arcmin, in this paper. Note that this angle variation
is based on the assumption that the rotational frequency of the rotor is constant over 10 min
and the absolute time of period acquisitions are tagged by other system.

Among all the potential sources that cause the period variation, we can identify the rotor
misalignment and the interference noise in the encoder signal from the motor driver are
large contributors. The misalignment effect is expected to be shown as the sine wave of the
rotational frequency in periods. Thus, the trend can be reduced by the period calibration.
The interference effect is not intended and this is found during the prototype demonstration.
We expect to suppress this contribution and the total contribution is expected to decrease
according to the improvement of the PMU design. The next leading contributor is the
non-uniformity of the slot width. While this is due to the fabrication accuracy, we do not
expect that this slot width variation changes over time. Therefore, we expect to construct
the angle template of from the width results and calibrate this effect.

Finally, we compute the total HWP angle accuracy using all estimated contributions of
potential sources as root mean square. This value is comparable to the measured total
angle accuracy, and we expect the difference of both values is due to the upper limit of the

prototype of the PMU rotor misalignment.
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Table3.1 The variations of the period and reconstructed angle. They are listed in the
order of the total, the rotational synchronous component, the asynchronous component,

and all expected contributions. This table is based on the study (18).

Sources Period Angular error
variation [s] at 1 Hz rotation [arcmin]
Measured total variation 1.15 x 107° 2.48 x 1071
Rot. synch. comp. 7.88 x 1076 1.70 x 1071
Asynch. comp. 8.34 x 1076 1.80 x 10~ ¢
Algorithm <1015 <1071t
Uniformity of slot width 2.73 x 1076 5.90 x1072
Rotor misalignment 1.28 x 107° 2.77 x 1071
Magnetic field variation 8.80 x 1077 1.86 x10~2
AC motor contribution 1.18 x 1076 2.55 x 1072
Noise in the encoder signal | 7.25 x 1076 1.57 x 1071
RMS 1.50 x 107° 3.25 x 1071

Effects of a total angular error in the power spectrum

The total angular error is estimated from the result of the rotation experiment for 10 min,
at 1 Hz. In this section, we estimate how the angular error will give the effects in the
primordial B-mode observation.

Figure 3.11 shows expected power spectra of the primordial B-mode depending on each
value of r, B-mode happened by the gravitational lens effect, and F-mode leakage given by
the estimated angular error components. All spectra are from the results of pure CMB by
the observation of Planck (6) and using CAMB (55; 56) and healpy. The power spectrum
of the primordial B-mode, shown as the top blue curve, is based on the r value expected
from Starobinsky model, 0.004 (57; 8). The E-mode leakages are shown as solid line
curves, whose powers are below ~ 1077,

We aims to detect the power spectrum of the primordial B-mode higher than the one of
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Figure3.11 The power spectra of the primordial B-mode with each r value, B-mode

due to the gravitational lens effect, and F-mode leakage with the estimated angular error

components.

B-mode due to the gravitational lens effect shown as the pink curve. Especially, there is

the noticeable bump around ¢ ~ 2. This is called reionization bump, which is explained

in Section 2.1 and targeted by LiteBIRD. We focus on the multipole range of the bump

2 < ¢ < 10. Against the total power spectrum of E-mode leakage estimated by this study,

we can compare the power spectra of the primordial B-mode with each tensor-to-scalar

ratio . The comparison shows the F-mode leakage is below the order of the primordial

B-mode power spectrum with r = 10~ in the focused multipole range. In terms of power,

the leakage is roughly four magnitude below of the primordial B-mode power at r = 0.004.
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Extra effects due to the PMU rotor
vibration

4.1 Requirement

The PMUs of LiteBIRD employ the supermagnetic conducting bearing (SMB) system,
which is a completely contact-less cryogenic rotation mechanism. The SMB consists of
the permanent magnets and the high temperature superconductors (HTS). The PMU rotor
consists of a ring-shaped permanent magnet, and the stator consists of the HTS. Under
the critical temperature of the HTS, the permanent magnet is pinned in axial and radial
directions by flux pinning. There is not the physical friction between the rotor and the
stator. The PMU rotor is expected to have the vibrations vertically and horizontally in
resting state (58) and during the rotation. LiteBIRD LFT will accommodate a total of >
4000 transition edge sensors (TES) in the focal plane. Even a tiny fluctuation of an external
magnetic field at the focal plane may generate an extra effects in detectors, therefore, we
must care the environment around the focal plane. On the other hand, the LFT PMU will
be mounted near the focal plane (See Figure 2.4). The LFT PMU has the contact-less
bearing and strong magnets, and the prior paper have reported the rotor has the vibration.
Potential effects of this vibration has the possibility to become one of the critical origin of
the primordial B-mode observation.

We investigate properties of the vibration of the PMU rotor, such as the external magnetic

field due to the SMB, when the rotor is at states of a continuous rotation and resting. In

43
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this chapter, we describe the experimental investigation of the vibration amplitude using
the PMU prototype for LiteBIRD LFT. The works reported here are parts of developments
and evaluations of this prototype, and all are contributed to the designing of EM/FM of
LFT PMU.

This chapter is based on S. Sugiyama et al. (17). And figures are quoted from (17).

4.2 Measurement method

To investigate the effects of the PMU rotor vibration experimentally, we use the prototype
of the LFT PMU, as shown in Section 3.2, with the capacitive sensor=! and the Hall sensor+2,
as shown in Figure 2.8.

The prototype of LFT PMU is scaled to about 0.7:1 with respect to a design of the flight
model. As shown above, this prototype consists of the ring-shape permanent magnet. This
ring-shape magnets is the array of segmented magnets that is radially magnetized. The inner
radius of the magnet is 203 mm, the outer radius is 215 mm, and the thickness is 14 mm.
The prototype stator consists of segmented YBCO high temperature superconductor array.
There are 18 arc-shape bulk YBCO tiles, and the diameter becomes 400 mm. The rotation
of the prototype rotor is driven by a contact-less AC motor. For this mechanism, there is
the other ring-shaped magnet in the rotor and an array of coils in the stator (See the right
panel of Figure 2.8). The rotation is controlled by three alternating currents that are shifted
phases of 120 degrees. The rotation speed of the rotor is monitored by two optical encoders
with a 128-slots encoder disc at the top of the PMU rotor.

We use a capacitive sensor to measure the distance between the bottom surface of the
sensor and the top surface of the encoder disc. The capacitive sensor is a non-contact
sensor, which generates the voltage V. depending on the distance between the sensor and
the object, d.. We calibrated voltages by measuring distances between the sensor and
Z. stage with the height gauge at room temperature. The used instruments are shown in
Figure 4.1. The Z stage is moved in steps of ~1 mm. The measurement of the outputs is
carried out in each elevation and the sampling rate is 10 kHz. We conduct each test for 10

times. Figure 4.2 and Figure 4.3 show the results when we move up and down the Z stage,

1 Capacitec, model number: HPC-375E
+2 Lakeshore, model number: BHT-921
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respectively. There is the linear relation from the distance range from 0 mm to 6 mm.
When we assign the mean of fitting results in the experiment which we move down the Z
stage as the inclination and the interception of the linear relation, the linear relation can be

shown as

V. =1.68d. + 0.51. 4.1)

We also measure the magnetic field variation by the PMU rotor using a Hall sensor.
Hall sensor can output the voltage which has one-to-one correspondence with the magnetic

field. This voltage is the electromotive force produced by the Hall effect. The raw output

\

Capacitive sensor

S =
=

~

Figure4.1 The instruments for the calibration of the outputs of the capacitive sensor.
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Figure4.2 Left: the output voltage of the capacitive sensor in each measured elevation

of the Z stage which moved down. Right: the mean voltage in each measured elevation.

This result is one example in 10 trials.
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Figure4.3 Left: the output voltage of the capacitive sensor in each measured elevation

of the Z stage which moved up. Right: the mean voltage in each measured elevation.

This result is one example in 10 trials.

voltage of the Hall sensor is converted to the magnetic field by the Lake Shore Model 425

Gaussmeter. We monitor the magnetic field with the Gaussmeter.

These measurement results are used to evaluate the vibration of the PMU rotor. We

set the capacitive sensor whose bottom surface becomes parallel to the top surface of the

encoder disc. And we insert the Hall sensor in the space between the bottom surface of the

PMU rotor and the top surface of the HTS.

4.3 Experiment

Before cooling the PMU stator, the PMU rotor is held by three cryogenic holding

mechanisms (Figure 2.8) at a distance of 5 mm from the PMU stator. The HTS of the
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Figure4.4 Left: the inclinations by the linear fitting in the relation between the mean
voltages of the capacitive sensor and the elevations. Right: the interceptions by the

fitting results.

PMU stator are submerged in liquid nitrogen (LN2). Once the HTS has the temperature
below the critical temperature, the cryogenic holder mechanisms releases the PMU rotor.
The PMU rotor is free to levitate and can rotate in azimuth. The LN2 level is kept below
the level which the PMU rotor does not has the friction with the LN2.

We tested the measurements of the vibration effects in four states of the PMU rotor; 1)
the state that the PMU rotor is held by the cryogenic holder mechanisms, 2) the state that
the PMU rotor is free to levitate, 3) the state that the PMU rotor is free to levitate and we tap
the PMU rotor horizontally and vertically by a hammer, and 4) the stable rotation state. We
expect there are horizontal and vertical natural vibrations when the PMU rotor is free (58)
to levitate. The measurement of state 1 and state 2 with the capacitive sensor and the Hall
sensor reveals whether the levitating PMU rotor has natural vibrations. The measurement
of state 2 reveals the natural frequency of each vibration. In state 3, we rotate the PMU
rotor at the stable rotation frequency, 1 Hz. We let it rotates for 10 minutes with monitoring
the rotational speed by using optical encoders, and the vibration by a Hall sensor and a
capacitive sensor. All the data are obtained simultaneously to discuss the correlation of

them.
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4.4 Result

Figure 4.5 shows the time-ordered data of the Hall sensor and the capacitive sensor when
the PMU rotor is in state 1 (blue) and state 2 (orange). The peaks in the data of the Hall
sensor are shown when the Hall sensor is not placed between the permanent magnet ring
and the HTS ring. This is an artifact due to a mismatch of the data acquisition rate of the

Gaussmeter and sampling rate of the multiple channel analyzer. Therefore, we ignore these

peaks.
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Figure4.5 The time-order data of the Hall sensor (left) and the capacitive sensor (right)
when the PMU rotor is gripped by the holding mechanism and levitated. Figures are
based on the study of (17).

The left panel of Figure 4.6 shows the power spectrum density (PSD) of the magnetic
field measured by the Hall sensor when the PMU rotor is held and levitated. And the right
panel of Figure 4.6 shows a closeup view of the left panel in the frequency range from
1 Hz to 100 Hz. There are two broad peaks in the PSD of the magnetic field at 8§ Hz
and 15 Hz only when the PMU rotor is levitated. These peaks correspond to the natural
frequencies in radial direction and axial direction, and these are consistent with previously
reported peak locations (58). We also observe peaks above 20 Hz when the PMU rotor
is held and levitated. We attribute these to spurious effects due to the evaporation of LN2
in the vicinity of the Hall sensor. Furthermore, the outputs of the Hall sensor is read by a
Lakeshore Gauss meter which filters above 400 Hz. Therefore, we do not investigate the

causes of peaks at higher frequency beyond this cut-off frequency.
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Figure4.6 Left: the PSD of the magnetic field between the SMB permanent magnets
and the high temperature superconductors when the PMU rotor was gripped (blue) and
levitated (orange). Right: the zoomed plot from 1 Hz to 100 Hz of each PSD. Figures
are based on (17).
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Figure4.7 Left: the PSD of the magnetic field between the SMB permanent magnets
and the high temperature superconductors when we tap the PMU rotor vertically (blue)
and horizontally (orange). Right: the zoomed plot from 1 Hz to 100 Hz of each PSD.
Figures are based on the study (17).

Figure 4.7 shows the PSDs of the magnetic field when we tap the PMU rotor vertically
and horizontally. The plots show the lower frequency corresponds to the vibration in radial
direction and the higher one corresponds to the vibration in axial direction. The frequencies
at both peaks are consistent with the frequencies shown in Figure 4.6.

Figure 4.8 shows the PSD of the outputs of the Hall sensor and the capacitive sensor when

the PMU rotor rotates at 1 Hz. Assuming outputs of the capacitive sensor is only caused
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by the vertical displacement, the output voltage is converted to the vertical displacement
of the PMU rotor according to Equation 4.1. Both PSDs show distinctive peaks at the

rotational frequency of 1 Hz and its harmonics. The most prominent peak in the capacitive
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Figure4.8 Left: the PSD of the Hall sensor output (blue) and the capacitive sensor
output (orange) when the PMU rotor was spun at 1 Hz. Right: the zoomed plot from
0.1 Hz to 10 Hz of the left panel. Figures are based on (17).

sensor PSD is observed at 1 Hz. The observed power corresponds to result shows the
physical displacement amplitude of 36 ym at 1 Hz. The vertical displacement is a change
in physical distance between the capacitive sensor and the encoder disc. It is likely to
caused by the axial vibration of the rotor, since the encoder disc itself can be regard rigid at
this low frequency. Thus, we assume this value, 36 pm, is the upper limit of the amplitude
of physical displacement by the mechanical vibration. Note that we need to consider up
to the harmonics and broadness of all peaks to discuss the vibrations, but we focus on the
peak value in the rotation frequency, 1Hz, for simplicity in this thesis.

Figure 4.9 shows the peak profile of fourth harmonic to characterize the vibration of the
PMU rotor. This peak is consistent with Lorentzian, i.e. a power of forced oscillation with
an attenuation P(f), shown as
_ i

Ar2((f = fo)* + (27/0))?’

where Fy is an amplitude of forced oscillation, fy is a center frequency, and v is an

P(f) (4.2)

attenuation coefficient. Each best-fit parameter is 2.5 x 1074, 4.02 Hz, and 2.7 x 1079,

respectively. The corresponding width is parameterized by a Q-value equal to 3 x 107,

[mm?2/Hz]
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Figure4.9 Closeup view of the frequency region from 3.8 Hz to 4.2 Hz in Fig. 4.8 shows
around the fourth harmonic peak of the rotational frequency. We used the Hall sensor
instead of the capacitive sensor to fit because the Hall sensor has a better sensitivity. We
assume the magnetic field and the displacement is proportional to each other within the

displacement less than 1 mm. This figure is based on (17).

4.5 Discussion

In this section, we discuss two potential effects originated from the PMU rotor vibration;
1) a propagation of the magnetic field due to the permanent magnet in the PMU rotor, and
2) a propagation of mechanical forces by the rotor vibration. In this discussion, we use the
current design of the LiteBIRD LFT configuration to define the relative position between
the HWP and the focal plane (10). We also assume that the PMU rotor has the maximum
amplitude of 36 pm.

Variation of the magnetic field

We simulate the magnetic field at the focal plane due to the vibration of the PMU rotor

magnet by using a commercially available finite element magnetic simulation software,
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Figure4.10 The simulated magnetic field of the rotor at the center of the focal plane as
a function of rotor displacement along the optical axis. We vary the permanent magnet
ring axially along the optical axis, and map the magnitude of the magnetic field. This

figure is based on (17).

IMAG (59). Due to the result of the simulation (Figure 4.10), we find the static magnetic
field and the fluctuations of magnetic field in the focal plane of 0.24 G and 3 x 10~ G in
amplitude, respectively. The development of LiteBIRD TES bolometers are in progress,
therefore we use literature values for the magnetic field susceptibility of ground-base

experiments TESes. The prior research (60) reported a quadratic relationship shown as
T.=wB?,, (4.3)

where the critical temperature of the TES bolometer, T, the external magnetic field, B..:,
and the sensitivity coefficient w. We apply the highest sensitivity coefficient found in this
study, which corresponds to w = 4.6 x 1073 K/G? from MoCu based TES designed for
ACTpol. For a conservative estimation due to the small applied magnetic field, we expand
Equation 4.3 by the Taylor expansion (61; 62), shown as

di,

AT, ~
d ext | Bext

ABemt = 2wBethBe.’Et' (44)
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As aresult, AT, becomes 7 x 1078 K.

In LiteBIRD, the outputs of the TES array is read by a Superconducting QUantum
Interference Device (SQUID) which is sensitive to magnetic fields. And, LiteBIRD utilizes
a frequency domain digital multiplexing (DfMUX) readout system (63). DfMUX has been
used by recent CMB experiment, such as POLARBEAR-2 and SPT-3G. Luker et al. (64)
reported the susceptibility of SQUIDs to external magnetic fields. Assuming a similar
magnetic shielding scheme, the relationship between the fractional flux change and the

external AC magnetic field B.,; is shown as

§® /Dy = 0.06 + 1.03Begy. (4.5)

This results in a fractional flux §®/®g|,. = 3.1 x 1075. This test was carried out with a
non-gradiometric base SQUID fabricated at NIST. The new-generation SQUIDs should be
less sensitive to external magnetic fields. Therefore, the shown result should be regarded

as an upper limit.

Mechanical vibration

Mechanical vibrations of the PMU rotor will propagate to the detector system. The
detailed propagation mechanism in a cryogenically cooled structure is beyond the scope of
this thesis, nevertheless, we can compare a similar situation with the PMU rotor vibration.
If we assume the vibration of the PMU rotor as the simple harmonic oscillation, the force

F can be defined as

F =mi = mA(2n f)?sin (27 f1), (4.6)

where m is the rotor mass, A is the vibration amplitude, and f is the vibration frequency. In
this equation, we assume m = 25 kg, A =36 um, and f = at 1 Hz as representative values.
Thus, the resultant force due to the vibration is estimated to be 3.6 x 1072 N. The prior
study reported on the measured force produced by a space qualified 1 K Joule Thomson
cooler (65). The maximum value is found at the driving frequency of 40 Hz, which is in
the range 0.1 ~ 10 N depending on the orientation and the cooler. The vibration force of
the PMU rotor is estimated to be comparable or smaller than the value of the cooler. Again,

further assessment of implication of this value is left for future analysis.






Chapter 5.

Further steps for development of
LFT PMU engineering/flight model

We discussed the performances of the prototype of the LFT PMU and their scientific
implications in the sections so far. In this section, we discuss further steps required for the

development of the engineering model and the flight model (EM/FM) of the LFT PMU.

5.1 Requirements

Table 2.9 shows current design guidances of the EM/FM of the LFT PMU. Majority of
design guidances are set as same values of the prototype, and examples of the targets are
explained in Section 2.5.

The different values between the prototype and the EM/FM are the effective area of the
HWP and the total mass of the PMU. The prototype of the LFT PMU is a semi-real size
model assuming a diameter of the HWP as 330 mm. On the other hand, the diameter of
the HWP used in the EM/FM will be > 400 mm. And, the EM/FM design of LFT PMU
will be updated to reduce the total mass.

The development of the EM/FM will be entrusted to satellite development companies
after all evaluations of the prototype PMU. The further sections show the required evaluation

items and further steps for the development of the EM/FM.
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5.2 Further evaluations for angular encodings

In Section 3, we evaluate the angular error of the HWP by using the raw periods of
encoder signals when the prototype of the LFT PMU rotor rotates at 1 Hz. In this process,
we adopt two assumptions; 1) we calculate the angular error without any process, such
as down-sampling of the HWP angles, and 2) we measure not only the period but also
absolute times simultaneously when the encoder signal is triggered.

Assuming the rotational frequency f,,; is constant and trigger timings of the encoder
signal are equispaced, the sampling rate of reconstructed angles fs in our reconstruction

method is
fszisxfrot (51)

where s is a number of slots in the encoder disc. Therefore, each angle is expected as
2.81° because the number of slots i, is 128 in the prototype and the rotation frequency f .
is 1 Hz in the experiment. Higher sampling rate is ideal in terms of the angle resolution of
the HWP. However, we need to do the down-sampling of the angles, which is the method
to summarize the angles to lower samples, to match the sampling rate of the modulated
signal. Current target rate is set as 19 Hz. The official error of reconstructed angles with
all process is beyond the scope of this thesis.

We calculated periods of the encoder signal for the reconstruction of angles in each slot.
A reconstruction of the HWP angle will need a cumulative sum of calculated angles in a
range of 0° to 360°. Identically, an error in HWP angles should be accumulated for the
cumulative reconstructed angles. To avoid the accumulation of the error, we require the
absolute timestamps when the encoder signal is triggered.

Above two points are essential to take measures in further steps.

5.3 Rotational stability

A duration of the operation of LiteBIRD is expected for three years. Ideally, the rotation
of the HWP will be continued for the same duration. Then, we must prove the rotation has
the enough stability for three years. This requires longer duration experiment than 10 min

which is set as the experiment duration in this thesis, therefore, this experiment should be



5.4 Characterization of heat dissipation

done in 4K GM cryostat. This thesis leaves this content out of scope.

5.4 Characterization of heat dissipation

A heat dissipation in the LFT PMU produces a thermal noise mixed in the observed
CMB signal. The current design guidance of the total heat dissipation given off by the LFT
PMU is set as 4 mW. Possible origins of the LFT PMU are mainly three; 1) LED used in
optical encoders, 2) coils of brush-less motor in the PMU stator, and 3) the SMB (this is
shown in Section 2.6).

The LED is a semiconductor which gives off the light when the enough current is applied.
This is activated by the constant current, and we use 10 mA tentatively. The voltage applied
in the LED is ~1.3 V at room temperature, and ~1.7 V in LN2 experiment. The prototype
adopts three encoders, therefore, the heat dissipation of the LED becomes 51 mW in the
LN2 experiment. To reduce this heat dissipation, we will find the minimum currents used
in LEDs. In the future analysis, we need the estimation of minimum constant currents in
LEDs that can be used for the reconstruction of the HWP angle and satisfies the requirement
of the heat dissipation.

Coils are components of the brush-less motor in the PMU stator. This simply consists of
three conductors, called U, V, and W phase. The resistance values of three combinations
using U, V, and W phase are ~25 () at room temperature and ~16 2 in liquid nitrogen. An
amplitudes of three-phase currents are able to be controlled by the motor driver produced
by Asahi Engineering Company. The rotation experiment shown in chapter 4 employs the
initial current amplitude of 20 mA, while the minimum current is 10 mA for the continuous
rotation at 1 Hz. Therefore, the total heat dissipation in three-phase coils becomes at most
4.8 mW in liquid nitrogen experiment and at 1 Hz rotation. This is close to the total design
guidance of the heat dissipation in the LFT PMU, 4 mW. The further reduction of this heat
is expected in the updated design of the LFT PMU in the future.

5.5 Integration test of LFT

The PMU for LiteBIRD LFT is under the development of the prototype of the semi-real

size rotation mechanism, the semi-real size HWP, and the test model of TES bolometers.
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Their prototypes are independently evaluated in each experiment to measure several per-
formances and systematic effects. In this process, we identify problems in the prototype
designs.

The performances of new model of the rotation mechanism is still being tested. The
semi-real size HWP will be mounted at the center of the rotation mechanism. The HWP
has been independently validated at least for these four items; 1) a bonding material
selection of the multiple sapphire plates to endure a force at the launch (66; 67), 2) an
optimization of combinations of optical axes of sapphire plates to maximize the modulation
efficiency (13), 3) a transmittance due to a laser processing at the surfaces of the HWP (14)
, and 4) systematic effects by the incident angle and off-axes of sapphire plates.

Finally and as the future analyses, all prototype instruments for the LFT will be integrated
to analyze the performances and systematics comparing each independent experiment
result. Especially, we will be able to understand optical performances of the prototype of
the LFT, and the effects of systematics, such as magnetic fields of the rotation mechanism
to TES detectors, to the optical signal. Magnetic fields of the rotation mechanism will be
proportional to the inverse of squared distances between the rotation mechanism and TES
detectors. Such effect is thought as the noise source in TES detectors. Also, the LFT has a
lot of other instruments, such as the mirrors to connect the optical source, the LFT PMU,
and TES detectors, and windows used in 4K GM cryostat and ADR. All systematics will

be shown in the modulation signal, and which should be disassembled in each origin.



Chapter 6.

Summary

CMB is the isotropic blackbody radiation at 2.725 K and can be observed in full-
sky. The detection of the CMB is a smoking gun of Big-Bang in the early Universe.
Several experiments observe the CMB for decades, and the results have established modern
cosmology. Recently, the linear polarization of the CMB has received a lot of attention
for the validation of inflation theories. The theories proposes the models of an exponential
expansion which would happen in the initial Universe. The rapid expansion has been
expected to produce primordial gravitational waves, which can be the only communicator
in the era before the clearing up of the Universe. When this has produced the quadrupole of
the CMB anisotropy, it is expected to observe two patterns of the CMB linear polarization,
called £-mode and B-mode. Since F-mode can be produced by density fluctuations in the
early Universe, the detection of this primordial B-mode proves the inflation theory.

The next generation satellite, LiteBIRD, is one of the satellites which aims to observe
this B-mode. LiteBIRD is the JAXA/ISAS strategic large class satellite mission and
observes full-sky from the second Lagrange point (L.2). There are three frequency range
telescopes, called Low, Middle, and High-Frequency Telescope (LFT/MFT/HFT). All
telescopes adopt polarization modulator units (PMU), which are the instruments to rotate
a half-wave plate (HWP) continuously, to reduce a 1/f noise and systemic effects by the
performance difference of orthogonal detectors. The LFT PMU will adopt a brushless
motor and a superconducting magnetic bearing to realize a contact-less rotation of the
PMU rotor.

In this thesis, we evaluate critical performances of the prototype of the LFT PMU
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developed for the next generation CMB observation satellite LiteBIRD.

First, we evaluated the reconstruction method and the results of position angles of the
HWP. This angle has a correspondence with the incident polarization angle which is used for
the demodulation of observation signals. The accuracy of reconstructed angles depends on
the leakage of F-mode into B-mode. The estimated accuracy is 2.48 x 10~! arcmin, which
satisfies the design guidance value of 0.5 arcmin. We describe the potential sources giving
the contribution into the error of position angles, and quantify all expected contributions.
Finally, we show the root mean square of all error components is consistent with the the
angular accuracy due to the measured periods.

We also evaluate potential effects of the vibration of the LFT PMU rotor. The prototype
of the PMU realizes the contact-less rotation, on the other hand, we anticipate the PMU
rotor has horizontal and vertical vibration due to the SMB system. We measured the
vertically physical displacement of the PMU rotor using a Hall sensor and a capacitive
sensor in stable rotation at 1 Hz. Through this experiment, we showed the displacement of
the PMU rotor becomes 36 ym. Based on this displacement, we evaluated two expected
effects due to the vibration of the PMU rotor, and we described the potential impact on the

low-temperature detector system.
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