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Abstract

Gravity gradient fluctuations are an essential observational target for precise mea-
surements of the motion of mass. Currently, the low-frequency fluctuations around
0.1 Hz are targeted for earthquake early warning using terrestrial gravity gradient
fluctuations, and for observing the gravitational waves from intermediate-mass black
holes. Therefore, development of highly sensitive gravity gradiometers is essential
for such scientific observations. A torsion-bar antenna (TOBA) is a ground-based
detector proposed for measuring low-frequency gravity gradient fluctuations. The
low mechanical resonant frequency of TOBA enables gravity gradient observations
of frequencies around 0.1 Hz even on the ground where the detector is bound by the
strong gravitational field. Several prototypes of TOBA and component technologies
have been developed and investigated to understand the characteristics of detector
noises. To realize the scientific observations using TOBA, the instrumental noise
must be sufficiently reduced, based on the knowledge gained from the prototypes.
The main technical issues are a cryogenic system for thermal noise reduction, a
low-frequency vibration isolation system for seismic noise reduction, and an optical
system for a precise measurement of the rotation of the torsion pendulum. In par-
ticular, the cryogenic cooling for the torsion pendulum is high priority as previous
studies in this area have been few and far between. Moreover, earthquake detectabil-
ity and localizability using TOBA have not been well clarified so far. Therefore,
these topics must be investigated to establish a realistic gravity-based earthquake
early warning system.

In this thesis, a 35 cm-scale TOBA (Phase-II1 TOBA) is proposed and developed
for the purpose of technical demonstration as well as the earthquake early warning
using TOBA. Both theoretical and experimental aspects have been investigated:
On the theoretical side, the detectability of earthquakes using TOBA, which is
sensitive only to the horizontal gravity gradient, was evaluated for the first time. A
comparison with other types of gravity gradiometers showed that TOBA has a good
detectability for both strike-slip and dip-slip earthquakes even without measuring
the vertical gravity gradient. Additionally, the localizability of the epicenter using an
array of TOBAs was also simulated to investigate a suitable detector arrangement,
the required calibration accuracy of the detectors, and the necessary information of
the source fault parameters.

On the experimental side, the system of Phase-III TOBA has been designed
to achieve a sensitivity of 10715 / vHz, which is required for earthquake detection.
In addition to the known noise-suppression methods, the design also includes the
reduction of nonlinear vibration transfer noise, which has recently been discovered,
and a newly proposed highly sensitive angular sensor. The cryogenic system, which is
the most essential part of Phase-IIT TOBA, was then experimentally demonstrated
by successfully cooling a prototype 35 cm-scale torsion pendulum to 6.1 K; this
establishes the basis of the cryogenic system in Phase-II1 TOBA.

The abovementioned theoretical and experimental works have opened the path
to development of gravity-based earthquake early warning system using Phase-III
TOBA. This thesis reports the details of these results.
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Introduction

Gravity gradient fluctuations are an important observational target for various
purposes including earthquake detection using Newtonian gravity gradient and
astronomical observations through the detection of gravitational waves (GWs).
The measurement of gravity gradient fluctuations provides unique information
regarding the source mass behavior; particularly, the low-frequency fluctua-
tions around 0.1 Hz are an important observation target, which has not been
achieved so far. As both the Newtonian gravity gradient and GWs act as a tidal
force on masses, these can be measured by the same detector configuration.

Gravity-based earthquake early warning (EEW) was recently proposed as a
new EEW method [[]. Observations of gravity fluctuation provide information
on different aspects of earthquakes from the ones observed by the current EEW
system using seismic waves. Moreover, the gravity-based EEW is also expected
to have advantage in early detection and magnitude estimation [?]. Gravita-
using broadband seismometers and gravimeters. However, for faster detection
and/or detection of smaller earthquakes, the gradient of the gravitational field
must be measured to filter out the effect of ground acceleration. Moreover,
observations around 0.1 Hz are specifically essential, as this frequency corre-
sponds to the timescale of early warning and fault ruptures (~10 s).

Similarly, GW is another observational target that has been attracting in-
creasing interest in the field of astronomy. Recent detections of GWs from
compact binaries [0, [0, I1] have enabled the exploration of black hole pop-
ulation [I?2], identification of the origin of short gamma-ray bursts [I3], and
the testing of general relativity under the strong gravity [[4]. Therefore, im-
proving the observational frequency band from the existing 10 Hz to a lower
frequency is one of the important future steps, as it can allow the observation
of additional phenomena such as coalescences of intermediate-mass black holes
(IMBHs), which in turn can provide information regarding the formation of
supermassive black holes at the center of galaxies [[I5].

To observe these targets, TOBA (Torsion-Bar Antenna) has been proposed
as a ground-based low-frequency gravity gradiometer [I6], which measures the
horizontal rotations of a suspended bar, induced by horizontal gravity gradi-
ents. Owing to the low resonant frequency of its torsion pendulum, TOBA
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8 Chapter 1. Introduction

can be sensitive to low-frequency fluctuations. Therefore, the main objective
of TOBA is to observe GWs and to detect earthquakes using 10 m-scale sus-
pended bars; this phase is named Final TOBA. Some prototypes of this system
have been developed, which were used for characterizing several noise sources
(7, 08, 09, 20, 21, 22]. To achieve the abovementioned challenging objective
of Final TOBA, issues in the theoretical and experimental aspects; such as
a more detailed consideration of earthquake detectability and development of
noise reduction technologies, need to be addressed.

Earthquake detectability using gravity gradiometers was discussed in [2],
which was based on some analytical gravity fluctuation models derived in
[23, 24]; according to the study, the required sensitivity is roughly 10715 / VHz
at 0.1 Hz. This study had also performed simulations of the localization and
magnitude estimation in the 2011 Tohoku-oki earthquake. For the next step
towards achieving a realistic EEW system, the characteristics of the detec-
tors must be considered: Although the previous researches have considered
vertical gravitational field measurement, some detectors including TOBA are
sensitive only to the horizontal gravity gradient, which has different signal am-
plitudes. Hence, the earthquake detectability using TOBA needs to be clarified
by comparing its performance with the other detector types, for which the re-
quired sensitivity for TOBA must be confirmed first. Additionally, studying
the general parameter estimability (e.g., epicenter location, focal mechanism,
or magnitude) would be useful for the design strategy of gravity-based EEW
systems. Furthermore, information regarding the influence of detector config-
uration on the parameter estimability is essential for setting requirements on
the detector.

The primary requirement for detector development is to establish noise re-
duction technology. TOBA fundamentally suffers from different types of noises
such as thermal, quantum, seismic, and Newtonian noise. Among them, reduc-
tion of thermal noise using a cryogenic system is one of the largest technical
difficulties. There have been few experimental setups using a cryogenic torsion
pendulum for precise measurement. A previous study had designed and used a
small-scale torsion pendulum (40 x 40 x 3 mm) to determine the gravitational
constant G' [25]. However, as the size of the pendulum and the required sensi-
tivity are quite different from that of TOBA, this technology cannot be applied
to TOBA as it is. Similarly, although a translational cryogenic pendulum has
been used for the ground-based GW detector KAGRA [26], the requirement
is qualitatively different because the measurement degree of freedom (DoF)
is different. Additionally, the cryogenic system design affects almost all other
systems such as the optical and the mechanical systems, and hence, compo-
nents must be compatible with the cryogenic temperatures. Therefore, the
development of the cryogenic system is high priority.

To demonstrate noise reduction and earthquake detection, a 35 cm-scale
configuration named Phase-III TOBA has been proposed in this thesis. The



target sensitivity was set to 107 /v/Hz at 0.1 Hz, which is the required
sensitivity for earthquake detection. Phase-III TOBA is considered to be a
better choice than Final TOBA because of its lower cost and better feasibility.
In terms of technical developments, Phase-III TOBA is an intermediate step
before moving on to Final TOBA: some of the important technologies such as
the cryogenic system are developed in Phase-III TOBA, and the experimental
knowledge regarding its noise properties are to be accumulated.

Two aspects of Phase-III TOBA have been investigated in this thesis: com-
putational work on earthquake detection and experimental work on developing
Phase-II1 TOBA.

For the computational aspect, several simulations were performed to clarify
the difference between the earthquake detectability using different detectors.
The detectability using TOBA, which is sensitive only to the horizontal grav-
ity gradient, was compared with other detectors to discuss the contribution
of TOBA to EEW even without the vertical gravity gradient measurement.
Then, the target sensitivity of Phase-IIl TOBA was validated based on this
comparison. The localizability of earthquakes using an array of TOBAs has
also been discussed to consider a detector configuration for the development
of a realistic EEW system. Some of the results were then fed back to the
requirements for the detectors.

For the experimental aspect, the system of Phase-IIT TOBA is designed,
with particular emphasis on the high-priority cryogenic system design. Ad-
ditionally, the reduction of the recently discovered vibration noise [22] and
implementation of a highly sensitive angular sensor were also included in the
design. The cryogenic technology was then investigated experimentally using a
simplified configuration of Phase-IIT TOBA. The performance of the designed
cryogenic system was demonstrated, and the noises of the torsion pendulum
under cryogenic temperatures were studied.

This thesis consists of the following chapters, as shown in Fig. . First,
the observational targets of this work are introduced in Chapter B. Next an
overview of TOBA is explained in Chapter B. Then, the results of our works
are shown in the subsequent chapters; the computational topics are described
in Chapter @, the design of Phase-III TOBA is explained in Chapter B, and
the experimental results on the cryogenic system are reported in Chapter B.
Some topics of the experimental results are discussed in Chapter @, and the
thesis is concluded in Chapter B. Appendix A and B explain the details of
the new topics in this thesis, namely the nonlinear vibration transfer in the
torsion pendulums and the new sensitive angular sensor using an optical cavity,
respectively.
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Science of Gravity
Gradient Observation

Scientific targets of gravity gradient observation around 0.1 Hz are introduced
in this chapter. There are two main targets; one is a terrestrial source and
another one is an astrophysical source. A representative terrestrial source is an
earthquake, which redistributes the density of the ground and makes change
in the Newtonian gravitational field. Such signal can be used for earthquake
early warning (EEW) that is faster than seismic P-wave arrival. Another
target, astrophysical sources such as binary black holes emit gravitational wave
(GW). Since both the terrestrial gravity gradient and the gravitational waves
act as tidal force on masses, they can theoretically be detected with a same
configuration of gravity gradiometer.

In this chapter, calculation of gravity gradient signal from those sources are
summarized. As preparation of mathematical framework, a gravity gradient
tensor is defined in Sec. P Then the signal from earthquakes and gravita-
tional waves are derived in Sec. P2 and Sec. P23, respectively. In Sec. P4,
some proposed gravity gradiometers are briefly introduced.

2.1 Definition of gravity gradient tensor
A gravity gradient tensor G is defined as
G(r,t) = -V @ Vo,(r,t). (2.1)

Here ¢4(r,t) is a gravitational potential. Relative gravitational acceleration
between two close points r and r + £ is given by

é = G(T,t) ’ £ (2'2)

Hence each component of the gravity gradient tensor represents tidal force on
masses.
Dimensionless gravity strain is also used in the following sections. The

11



12 Chapter 2. Science of Gravity Gradient Observation
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Figure 2.1: An overview of how an earthquake causes gravity perturbation
preceding arrival of a seismic P-wave.

gravity strain tensor h(r,t) is related to the gravity gradient tensor by

¢ ¢ h:px hmy ha:z
h(r,t) = / dt’ / d"Gr ") = | hye hyy hys | (2.3)
v hew hey he

Since (;; is relative acceleration, its second integral h;; represents the relative
displacement between two free masses. Due to the apparent symmetry G;; =
Gji (i,j = z,y,2) and Poisson equation A¢y(r,t) = 0, h and G has five
independent components.

2.2 Earthquake early warning using gravita-
tional signal

Earthquake is caused by dynamic rupture on a fault. The released energy
propagates outward as seismic waves, and shakes the surface of the ground
when the waves reach there. During this process, the density of crustal rocks is
perturbed due to compression or dilation of the medium induced by the seismic
waves. In an inhomogeneous medium, dislocation of the boundaries between
layers of different density also contributes to the density change. These density
redistributions cause detectable gravity fluctuation around the epicenter. The
schematic figure is shown in Fig. 2.

Permanent change in gravity acceleration was first detected by a super-
conducting gravimeter during the 2003 Tokachi-oki earthquake (moment mag-
nitude M,, = 8.0) [27]. After that, two-dimensional distributions of gravity
changes were observed by GRACE (Gravity Recovery and Climate Experiment
[2R]) satellite for the 2004 Sumatra-Andaman earthquake (M, = 9.0—9.3) [29],
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the 2010 Central Chile earthquake (M, = 8.8) [30], and the 2011 Tohoku-oki
carthquake (M, = 9.0) [B1]. These observations confirmed the static change
of gravity by comparing the difference of gravitational field before and after
the earthquakes.

Recently, it was proposed that transient changes in gravitational field asso-
ciated with large earthquakes are detectable by sensitive gravimeters or grav-
ity gradiometers [0]. It focuses on the gravity change in a short timescale
(~ 10 — 100 s) which is caused by propagating seismic waves. Since gravity
change propagates at the speed of light, detection of such gravitational change
can be a faster warning signal of earthquakes than the current warning using
seismic P-waves. Additionally, the gravity signal amplitude is well correlated
with the magnitude of earthquake, hence it can provide good early estimation
of magnitude. The transient signal was observed during the 2011 Tohoku-
oki earthquake by a superconducting gravimeter and broadband seismometers
around Japan. The first detection was reported in [3], and detailed analysis
in several stations are shown in [4, 8, B, [1]. The signals agreed well with the
simulation including gravity variation and induced acceleration of the ground
due to the gravity change. Additional detections were recently reported for
other five earthquakes [g].

Since a gravimeter or a seismometer measures relative acceleration between
a free mass and a frame fixed on the ground, gravity acceleration on the free
mass is not separable from the acceleration of the frame due to the equivalence
principle. Hence the detections of small earthquakes (M, < 8) are suffered
from background seismic vibration noise. Additionally, large fraction of the
gravity change in the initial few tens of seconds is cancelled with the acceler-
ation of the ground induced by the gravity change as mentioned in [d]. This
cancellation degrades the detectability of earthquakes in the early phases or
from the close distances. These problems are solved by measuring the grav-
ity gradient, or the difference of gravitational force between two close points.
Since the local acceleration of the ground appears commonly in the two points,
the gravity gradient signals are distinguishable from it. Therefore gravity gra-
diometers are suitable for actual earthquake early warning system.

The detectability of earthquakes with gravity gradiometers is discussed in
[2]. Tt is shown that roughly 10~'° /+/Hz (in unit of dimensionless strain h) of
sensitivity at 0.1 Hz is required to realize meaningful detections. The target
frequency 0.1 Hz corresponds to the timescale of earthquakes and required
warning time. With such a sensitivity, detectable range of M,, = 7 earthquakes
within 10 seconds is about 100 km. At further distances up to 1000 km, the
gravity signal can be detected preceding the arrival of seismic P-wave.
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2.2.1 Transient gravitational signal in an infinite homo-
geneous medium

The simplest model of gravity change by earthquake is introduced in this
subsection. A source of an earthquake is modeled as a point shear dislocation
in an infinite homogeneous isotropic medium. The analytic formula of the
transient gravity fluctuation in this case was first derived by Jan Harms [23].
The calculation is reviewed here to show how the gravity gradient is changed.
The deformation is assumed to be small in the following calculations.

First, gravitational potential change d¢4(r,t) is calculated from the change
of density distribution dp(r’,t) as

dp(r',t)
=’

Sy (m,1) = —G / v’ (2.4)

G ~6.674 x 107" m? - kg~ '-s72 is Newton’s gravitational constant. From the
continuity equation

Op(r,t)
ot

density change can be approximated to

=-V. (p(’l‘,t)’v(’l",t)), (25)

dp(r,t) =~ —poV - u(r,t). (2.6)

Here p(r,t) = po + dp(r,t) and py is mean density of the medium. v and u
are the local speed and displacement field of the medium, respectively. In the
approximation, the density change and the displacement are assumed to be
small. Gravitational potential can be calculated from the displacement field
by using Eq. Z4 and Eq. 8.

The displacement field w induced by a source in the medium is calculated
from the equation of an elastic body. In a homogeneous and isotropic medium,
the displacement equation for small deformation is

PPu(r,t)
o

A and p are Lame’s constants, and the first term f is body force on the medium.

Here the source of earthquake is modeled as a point shear dislocation as
shown in Fig. 2. The slipping surface is called a fault, which lies in xy-plane,
and the slip direction is set to x-axis. This dislocation source is equivalent to
‘double couple’ body force as

P fr,t) + A+ pwV(V -u(r,t) + pVu(r,t). (2.7)

T5(r)
fert)=—M®) | o |, (2.8)
Zo(r)

M(t) is called seismic moment function which is defined as M(t) = pAu(t)
from the area of the fault plane A and the averaged displacement of the fault
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Figure 2.2: A point shear dislocation as a source of an earthquake. The origin
is taken at the epicenter. The fault plane lies in xy-plane, and the slip direction
Is set to x-axis.

u(t). The final value of the seismic moment My = M(t — o) is associated
with the moment magnitude M,, of the earthquake by

2

The displacement field induced by the point shear dislocation can be calculated
from Eq. (270) and (2Z38). Detailed process of calculation is given by the
textbook [32]. The resultant displacement field is

1 r/B
t) = A drTM(t —
u(r,t) T Y TTM(t — )
1 1
————A;pM(t — ———A;sM(t —
+47rp0a27"2 ipM(t—r/a)+ drpofrra 1S (t—r/B)
1 . 1 )
———AppM(t — ————ApsM(t —
(2.10)
where
Ayx = 9sin20cos¢e, — 6(cos 260 cos ey — cosfsingey)
Ap = 4sin20cos¢e, — 2(cos 260 cosp ey — cosfsingey)
Ars = —3sin20cos¢e, + 3(cos26 cospey —cosfsinpes) (2.11)
App = sin20cosge,

Aps = cos20cospeg— coslsinge,.
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«a and 3 are the speed of P-wave and S-wave given by

At B (2.12)
Po Po

Each column of Eq. (E10) corresponds to near-field component, intermediate-
field components and far-field components, respectively, which has different
dependence of the distance r. A is the angular distribution of each term based
on radial coordinates defined in Fig. 2. From divergence of Eq. (210), the
density distribution Eq. (28) is

3sin 26 1 1 . 1 .
)=S0 (L () Lo ) o (- 1)

4 oe? « ar? «Q

The S-wave terms of Eq. (2210) which contain § disappears in Eq. (ZZ13). This
is because S-wave is a transverse shear wave that makes no density change in
the infinite homogeneous medium. Hence the deformation expands at the
speed of P-wave, a, which is typically around 7 km/s in the crust.

In order to calculate the gravitational potential, the following discussion
is restricted to the time before P-wave arrives at the observation point r. It
mathematically means that |r| > || in the integral of Eq. (24). In this
case, the inverse distance term 1/|r — 7’| can be expanded using Legendre
polynomials P(x) as

00 /!
! = > Zlﬂ(cosv) (2.14)
=0

7
/l

oo l
-3 33 S (7@ Y0 0), (2.05)

where 7 is the relative angle between r and 7/, and Y, are spherical harmonics.
In the second step, the spherical harmonic addition theorem is applied to
Py(cos~y). Since the angular dependence of Eq. (2Z13) is

8
15

the integral of Eq. (24) can be calculated to

sin 26 cos ¢ = (Y2 (0, 0) — Y, (0, gb)) : (2.16)

47 ' N < m
60,(r.1) = _G?% Zl/ dr'v” [ dSop(r, 1) s (Y6, 6)" Y (0. 0)
B _3Gsm29cosgb
N 5a%r3

r r T,2 . ! T/3 . r
x/dﬂﬂMt——<+—Mt——+— a(e—-"0).
0 Q « « 3a? o
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Figure 2.3: A focal mechanism and definitions of strike angle, dip angle and
rake angle.

Here the orthonormality of ¥;™ is used in the angular integral [ dQY. Using
M(t—r'/a) = —az5M(t—1'/a), the second and the third term in the integral

of Eq. (2I1) are modified to
r 7,/2 . ! r T‘IS - ! r !
/dr’—M - :/dr’ a(t-" :2/dr'r'M i~
0 Q Q 0 32 Q 0 o
(2.18)

Moreover, the integral can be simplified to

/

/ dr'r' M (t - r) — / / d2M (1) = > To[M(1)] (2.19)
0 a
under the condition of r > at. The n-th integral is defined as Z,[-] here. Then

the gravitational potential change is

3G sin 26 cos
6¢g<'f’7t) = — ¢I2

3
Derivatives of this equation give the gravity gradient tensor. Eq. (220) does
not depend on «, hence the gravity change before the arrival of the P-wave
behaves as caused by a point quadruple source at the epicenter.

Next Eq. (2220) is rewritten for the general orientation of the source. The
motion of the fault is called the focal mechanism, which is parametrized by
three angles; the strike angle ~,, the dip angle 74 and the rake angle 7,. These
angles are defined as Fig. ZZ3. The normal vector of the fault is e,, and the
unit vector in the slip direction is es. 7, is the azimuth of the intersection line
between the fault plane and the horizontal plane from the north direction. 74
is the tilt of the fault plane, and =, is the direction of slip. In Fig. 22, e,
and e, are aligned to z and x axis, respectively. Therefore Eq. (2220) can be
rewritten with e,, e, and the radial vector e, as

oy(r.0) = % (e - ) e. - )T 1)], (2.21)

[M(t)]. (2.20)
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where
COS Y, Sin 7yq — COS Y5 COS Vg Sin 7y, + sin v cos 7,
e, = | —sinyssiny |, es= SIN Y COS 7Yg SIN Y, + COS 7Y COS Yy
COS Vg sin yq sin ;.
(2.22)
The gravity gradient tensor G is
6G

G(r,1) = =V © Vig,(r.1) =~ S(0. )M (1)) (2.23)

where

S0,0) = 5es-e)(e,-e)(3l—Te. Re,)

+4(e, ®es+esRey,) (2.24)

+5((e, xe,)®(es xe.)+ (esxe)R (e, xe)).
The gravity strain (Eq. (233)) is

h(r,t) = / / dG(r, 1) = —i?S(G,qﬁ)L;[M(t)]. (2.25)

The gravity strain signal can be calculated by Eq. (223) with the information
of focal mechanism (s, v4, ) and seismic moment function M (). Note again
that this solution is valid only before the seismic waves arrive at the observation
point, i.e. » > at. This condition is reasonable because any detectors will not
be able to get meaningful ovservational signal while they are shaken by the
large seismic waves.

The time derivative of the seismic moment function, M (1), is called a mo-
ment rate function or a source time function. It means how much energy is
released per unit time during the rupture of the fault. M(t) for actual earth-
quakes in the magnitude range of 7.3 < M,, < 7.7 are shown in Fig. 4.
Though the plotted earthquakes have similar final magnitudes, the shape of
the functions are quite different for each event. Following [2], here the moment
rate function is modeled as

M) = {1.48140(75@)2 0<t<T)

148 (1 — (t)T — 1)2)° (T <t <2T)’ (2.26)

where T' is the half duration of the fault rupture. Eq. (EZ28) assumes self-
similarity of the source, which means that the initial source evolution of a large
earthquake is identical to a small earthquake. The duration of the rupture is
empirically known to correlate with the magnitude [34] as

2T = (My/10" N - m)'/3, (2.27)

For example, T' = 14 s for M,, = 7.5. This relation is used in the following
calculations, Note that the deviation from Eq. (2228) is large for the actual
events, as indicated in Fig. 2Z4.
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Figure 2.4: Moment rate functions M(t) of the actual earthquakes of 7.3 <
M,, < 7.7. The datas are taken from [33].

Figure 2.5: Focal mechanisms for (a)a strike-slip fault (vs,7a,7) =
(180°,90°, 180°) and (b)a dip-slip fault (Y, 747 ) = (180°,20°,90°).

Here the gravity strain tensors are calculated for two source parameters;
(Vs, Ya, ) = (180°,90°,180°) and (180°,20°,90°). These two focal mechanisms
are called the strike-slip fault and the dip-slip fault, respectively, and depicted
in Fig. 24. The calculated gravity strain tensor components are shown in
Fig. 28 and 222. The signal amplitude is roughly in the order of 107 at 10
seconds after the onset of the fault rupture. Note that the signal amplitude
varies in each component, and also depends on the azimuth and the focal
mechanisms. For example, at least one component is large at any azimuths for
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Figure 2.6: Gravity strain fluctuation of a strike-slip fault (vs,7a,7) =
(180°,90°,180°) in a infinite homogeneous medium. The magnitude is set
to M, = 7.5. (a)The gravity strain tensor components observed at (z,y, z) =
(100 km, 0,20km). (b)The azimuthal distribution of the gravity strain ampli-
tude in xy-plane at z=20 km.The sign of the signal is expressed with solid
lines (+) and dashed lines (-).
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Figure 2.7: Gravity strain fluctuation of a dip-slip fault (v, v4,7v-) =
(180°,20°,90°) in a infinite homogeneous medium. The magnitude is set to
M, = 7.5. (a)The gravity strain tensor components observed at (z,y,z) =
(100 km, 0,20km). (b)The azimuthal distribution of the gravity strain ampli-
tude in xy-plane at z=20 km.The sign of the signal is expressed with solid
lines (+) and dashed lines (-).
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the strike-slip event, while every component is small at 90° and 270° for the
dip-slip event. This suggests that the detectability of earthquakes depends on
the configuration of the detectors and the focal mechanisms. This issue will
be discussed further in Chapter .

2.2.2 Models for gravity calculation

A point shear dislocation source in an infinite homogeneous medium was as-
sumed in the previous subsection. It gave us the simple analytical formula of
the gravity fluctuation as Eq. (2223), which was first derived by J. Harms in
2015 [23]. The resultant formula is useful to understand the general nature of
the gravity change. Comparison to a numerical simulation indicates that the
full-space model gives good approximation of actual gravity perturbation in
the first few seconds after the onset of the rupture [I]. For the calculation up
to a few hundreds of seconds, however, improvement of the calculation model
is needed. J. Harms later improved his model by including the surface of the
medium in 2016 (a homogeneous half-space model) [24]. The half-space model
gives better approximation in the first few tens of seconds, after which the
gravity perturbation can be influenced by the self-gravity of the medium.

Numerical models have also been developed. In the first detection of the
transient gravity signal during the 2011 Tohoku-oki earthquake [@], the theo-
retical signals were calculated based on the AXITRA code [35] for a layered
medium without self-gravitating effect. Recently K. Juhel et al. [36] performed
the normal mode simulation which includes the self-gravitating effect for the
layered Earth model. Though these numerical calculations require more com-
putation cost than the analytical models, they provide more strict calculation
of gravity perturbation.

2.2.3 Advantages of gravity-based earthquake early warn-
ing system

Since gravity-based earthquake detection is based on a completely new princi-
ple, it provides an independent observational information on the earthquakes.
It will enable us to explore unprecedented aspect of earthquakes. In terms of
warning, such an independent detection will improve the reliability of early
warnings. There are also practical advantages compared to the current warn-
ing system using seismic P-waves. The first merit is shorter time of detection,
and the second merit is better estimation accuracy of magnitude.

Detection time

In contrast to the seismic P-wave detection, the time of detection with gravi-
tational signal strongly depends on the detector’s sensitivity because gravita-
tional signal gradually grows as shown in Fig. 8 (a) and 277 (a). Fig. 28
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Figure 2.8: Distance dependence of achievable warning times for M, = 7.5
of earthquake when the gravity perturbation is detected at h = 10712 (red),
10713 (green) or 107! (blue). The depth of the epicenter is set to 20 km. The
grey dashed line shows the P-wave arrival time.

shows the achievable warning times for M,, = 7.5 of strike-slip earthquake
when the gravity gradient perturbation is detected at various signal ampli-
tudes. Here the sum of the signals in the five independent components, which
is then averaged over the azimuths are used for the calculation. With the
proposed gravity gradiometer sensitivity of 1075 /v/Hz at 0.1 Hz, the gravity
gradient perturbation of earthquakes can be detected around h ~ 107! of the
amplitude, which is the case shown in Fig. Z8 with the green line. In this
case, gravity gradient observation has the advantage of ~4 seconds at 100 km
epicentral distance than using P-wave. As shown in the figure, the advantage
increases at further distances.

In terms of the warning time, the gravity-based warning system will have a
primary merit for the events which happen in the place where seismometers are
not placed yet or difficult to place. One of such examples is the off-shore events
since a network of ocean-bottom seismometers needs much cost for installa-
tion or maintenance. This is because even if a gravity gradiometer can achieve
earlier detection than a seismometer placed at the same location, another seis-
mometer near the epicenter may detect it earlier than the gravity gradiometer
in a area where a dense network of seismometers is already constructed. In
any cases, detection of gravity gradient perturbation can provide an indepen-
dent evidence of earthquake occurrence, which can improve the reliability and
accuracy of the warning system.
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Magnitude estimation

A fast magnitude estimation of an earthquake is also important. Magnitude
estimations based on seismic waves are known to be uncertain for large earth-
quakes (M, = 8.5), because the seismic wave amplitude saturates for them.
Actually, the magnitude of the 2011 Tohoku-oki earthquake was initially un-
derestimated, which resulted in underestimation of tsunami amplitudes. In
contrast, the signal amplitude of gravity perturbation is directly related to
the energy of the earthquake as indicated in Eq. (2223). Hence it is expected
to give better early estimation of the magnitude, which also enables accurate
tsunami warning. The estimation accuracy with a network of gravity gra-
diometers is simulated in [2]. The simulation shows that the gravity gradient
measurement, can successfully provide the real-time estimation of magnitude
from only ~15 second after the onset of the fault rupture.

2.3 Gravitational waves at low frequencies

Gravitational wave (GW) has recently been established as a new way to observe
the universe. Since the first detection of gravitational wave from a binary black
hole in 2015 [9], two Advanced LIGO detectors [37] have continued observa-
tion runs with gradually increasing sensitivities. Another laser interferometric
detector Advanced Virgo [38] has joined the observation since 2017, and the de-
tection rate and the localizability of gravitational wave source directions were
improved. These three detectors have detected gravitational waves from more
than ten compact binary coalescences so far [I1]. Another detector KAGRA
[26] is also about to start observation. The detections of binary black holes
enabled the test of general relativity under the strong gravitational field [I4].
With the increased number of detections in the near future, the mass distri-
bution will help us to understand how massive (10-100 M) black holes are
formed in the universe [12]. For the binary neutron star coalescence detected
in 2017 [00], its electromagnetic counterpart was identified and follow-up ob-
servations were carried out by many telescopes, from radio wave to gamma
ray [39, [3]. Those observations contributed to identify the physical scenario
of short gamma-ray bursts that was unclear. Thus, gravitational waves have
opened a new era of physics and astronomy.

The observational frequency band of the ground-based interferometric de-
tectors are, however, limited above 10 Hz due to the large seismic noise.As the
electromagnetic wave astronomy, expanding the observational band is essen-
tial since it enables us to see various sources of gravitational waves. Several
attempts to observe low-frequency (below 1 Hz) gravitational waves have been
made for that purpose. Since the most obstructive noise in the current GW
detectors is the seismic noise, some of the proposals are space-based detectors
LISA [40]. DECIGO [41], and so on. There are also proposals of terrestrial
low-frequency detectors [A2], some of which will be introduced in Sec. 24.
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In this section, gravitational wave observation below 0.1 Hz is overviewed.
First gravitational wave is derived by linearizing the Einstein equation and
its effect on masses are described in Sec. 2Z31. Then the main observational
targets are introduced in Sec. 22372

2.3.1 Theory of gravitational wave

Gravitational wave is derived as a wave solution of the Einstein equation

1 8rG
RMV — §guyR = 77—‘“”. (228)
Here g,, is the metric tensor and 7}, is the energy-momentum tensor. R,

and R are the Ricei tensor and the Ricci scalar defined as

1
Mo = §9M(aﬁg,\a + 00928 — OrGag) (2.29)
Rfagy = 01y — 0,10 + T, — T4 T g (2.30)
R, = R)\uz\u (2.31)
R = RN (2.32)

I'*,5 is called the Christoffel symbol. Under the weak gravitational field, the
metric g, can be divided into the Minkowski metric 7,, and small deviation
from there h,,, as

G = N + - ([R] K1), (2.33)
By converting h,, to the trace-reversed metric BW = hy — %myhk,\, and
applying the Lorenz gauge condition O\h** = 0, Eq. (228) can be linearized

to the wave equation,

— 1
i, - 167G

178}
ct Tt

(2.34)

where O = C%% + A is the d’Alembertian.

Propagation of gravitational waves
In vacuum, 7}, = 0, the solution of Eq. (2234) has a form of plane wave as
i_z,w = ay, exp(ik,x®). (2.35)

Due to the symmetry of the metric and the wave equation (2234, the coefficient
a,, and the wave number vector k, meet

Qv = Ay, kak® = 0. (2.36)

To remove the arbitrariness of coordinates, following transverse-traceless gauge
(TT gauge) are adopted here :

hyuo 0 (2.37)
O'h,; = 0 (transverse) (2.38)
h*, = 0 (traceless). (2.39)
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Here 7 denotes the spatial indices; + = 1,2, 3. The second condition originates
from the Lorenz gauge. Consider a wave propagating in the z-direction, hence
k* = (k,0,0,—Fk). Then the solution for the metric h,, shows

0 O 0 0
0 hy hye O
_ 1 (TT) _ + X . _
b = h,, ) = 0 hy, —h, 0 exp(ik(ct — 2)). (2.40)
00 0 0

The resultant wave solution propagating at the speed of light is called gravi-
tational wave. Here (™) is used for the metric under the TT gauge. Gravita-
tional wave in the general relativity has two polarization degrees of freedom,
which is expressed as hy (plus-mode) and hy (cross-mode) here.

Effects of gravitational waves

The geodesic equations for masses at z* and x* + &* are

d? dz® dx?
H® _— =
72 + I, 5(x) pr— 0, (2.41)
d?(xh + €M) d(x® + £%) d(2° + €7)
_ 2 LT =0. 2.42
dr? +Map(z +¢) dt dr 0 ( )

The difference of these equations gives the equation of geodesic deviation as

e

dz® d¢P dz® dx”®
arr T dr

AOTH =22
+ A ag dr dr

= 0. (2.43)

Within a sufficiently small region around a point, the metric can be chosen to
be flat. Such a frame is called the proper detector frame [d3], in which the
Christoffel symbol I'*,3 vanishes in the point. To linear order of h, dr = dt
then % ~ (¢,0,0,0) when the masses move non-relativistically. Under these
conditions, the spatial components of Eq. (223) transform to

§ = =0 (2.44)
—Czé-jRiojo. (245)

Since the Riemann tensor is gauge invariant within the linearized metric, R’gjo
can be calculated in the TT gauge. This gives

. 1. .
éi = §h§j”>§ﬂ. (2.46)

The right hand term shows the tidal force from gravitational wave in the
proper detector frame. Compared to Eq. (222), the spatial components %hngT)

corresponds to the gravity gradient tensor, hence %hngT) is identical to the
gravity strain tensor defined in Eq. (233).
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Figure 2.9: Effects of hy mode and hy mode on masses.

The plus mode hy of Eq. (220) act as

i = hyxcos(wt — kz), i) = —hyycos(wt — kz). (2.47)

w = ck is the angular frequency of the wave. The real part of Eq. (220) is
used above. hy expands the masses in z-direction and compresses them in
y-direction, and vice versa. The effects of the cross mode hy are

i+ = hy(x+y)cos(wt — kz), & —i=—hy(r—y)cos(wt — kz). (2.48)
hy expands the masses in (x 4 y)-direction and compresses them in (z — y)-
direction, and vice versa. They are depicted in Fig. 9.

Emission of gravitational waves

The right hand term of Eq. (2234) is the source of gravitational waves. Similar
to electromagnetic waves, the solution is given by

AG T (t — |1 — ') e, 1
hw<t,r)zc4/d3r’“( r = rlije.r). (2.49)

|r — 7|

When the size of the source is much smaller than the wavelength of gravi-
tational waves, h,, in the sufficiently far zone away from the source can be
approximated to

4G -
P (L, ) = Elz‘j(t —r/e), (2.50)
where r = |r — /| and
3.,/ 1.0 1 12
I;;(t) = /d r'p(t,T) (7"1'7"]' - gfsiﬂ’ ) (2.51)

is the quadruple moment of the source.
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Figure 2.10: Chirp signal for 10*M, — 10*M,, binary system observed from 1
Gpc away. The signal is cut at 2fisco >~ 0.2 Hz. The inclination angle is set
to 0.

2.3.2 Source of gravitational wave around 0.1 Hz

Two representative sources of gravitational waves are introduced. Though
there are many kind of sources, here we focus only on the valuable targets for
observation around 0.1 Hz.

Intermediate mass black holes

As shown in Eq. (2350), gravitational waves are radiated from time-varying
quadruple moment of mass. One of promising sources in the universe is a
binary system of compact stars, such as black holes, neutron stars and white
dwarfs. The orbit of a binary system shrinks due to the energy loss via the
gravitational wave radiation, and the angular frequency of the orbital motion
gets higher . As two objects get closer, the amplitude of the gravitational
wave also increases since the gravitational interaction gets stronger. Such kind
of waveform is called a chirp signal which has gradually increasing frequency
and amplitude.

Consider a binary system of m; and ms. The evolution of gravitational
wave frequency f,(t) for it is given by

_5
8

ol = 2 (22" (B55) " 0, 252

!This was confirmed by Hulse & Taylor [44] as the first observational proof of gravitational
waves.

o]
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where M, = (mlmg)%/(ml + mg)% is the chirp mass of the binary, and ¢, is
the time of coalescence. Then the gravitational waveform in the lowest order

approximation is

GM, 3 i 2
ho(t) = i( ?;‘) (C(t 5_t)> <1+;OS L) cos(t),  (2.53)
ho(t) — i(Gé\ny(c(t 5_t)>40052Lsin<I>(t), (2.54)
where
(1) = :d’f’%fgw(t’) =2 (5G?A> (te = 1) + P (2.55)

¢ is the inclination angle between the line of sight and the normal vector of
the orbit. ®. is the phase at the coalescence time. Fig. 2710 shows the chirp
signal for m; = my = 10*M, observed from 1 Gpc away. The amplitude of
gravity strain is in the order of 107! in this case. Therefore, much better sen-
sitivity is required for detectors to observe gravitational waves than to detect
earthquakes.

Though fw goes to oo at t — t., the actual frequency evolution stops
when two stars merge into a single star. The period before the coalescence
is called an inspiral phase. The later phase during the coalescence is called
a merger phase, in which the waveform is available only by numerical calcu-
lations. In the ringdown phase after the merger phase, the merged star lose
angular momentum via gravitational waves. The overall waveform of a com-
pact binary coalescence is given by these three phases. The frequency at the
innermost stable circular orbit (ISCO), fisco, gives a characteristic frequency
of the transition from the inspiral phase to the merger phase. The frequency

1S

63

12v/67GM

Since fisco is inversely proportional to the total mass M = m; + ms, binaries
of heavy black holes are observed at low frequencies. The numerical value is

Jisco = (2.56)

(2.57)

fISCO ~ 0.1 [HZ] X ( M

2 x 104M@>
Hence observation of gravitational waves around 0.1 Hz is sensitive to 10* —10°
My, black holes. Such black holes cannot be observed with the current ground-
based detectors, which is sensitive only above 10 Hz.

Black holes of 10> — 10° M, are called intermediate-mass black holes
(IMBHs). It is meaningful to observe coalescences of IMBH binaries since
they are one of the candidate formation scenario of supermassive black holes
(SMBHs) at the center of galaxies [I5]. There have been several reports of
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possible IMBHs; 400 M, in the galaxy M82 [#5], 2.2 x 10 M, in the globular
cluster 47 Tuc. [46], 3.2 x 10 M in the central region of our galaxy [47],
and so on. Though the existence of IMBHs have come to be confirmed, the
statistical properties are not unclear and also binary systems of IMBHs have
not been found yet. Hence gravitational wave observation will provide valuable
information about the merger rate of binary IMBHs, which will be useful to
identify the formation scenario of SMBHs.

Stochastic gravitational wave background from the early universe

Another important target is stochastic gravitational waves originate from space-
time fluctuation in the early universe. Due to very weak interaction of grav-
itational waves with masses, gravitational waves can see the earlier universe
before 0.38 Myr from the Big Bang, which cannot be observed with electro-
magnetic waves. It is one of the final goals of gravitational wave observation.
The power spectral density of the stochastic gravitational wave is given by

Su(f) =/ Bgf Qg;§f), (2.58)

where Hj is the Hubble constant, and

1 dp
Qeu(f) = — 2 (2.59)
¢ pe d(log f)
is a cosmological parameter defined from the energy density of gravitational
waves pg, and the critical density of the universe p. = 3¢?Hy?/87G. Low-
frequency observation has an advantage to detect this since the power spectral
density Eq. (2Z358) is proportional to f~%/2. According to the calculation based

on the inflation model, Q,(f) is estimated to ~ 107> [4R], hence /Sy(f) ~

10-2* /v/Hz at 0.1 Hz.

Note that since the waveform is stochastic, observation with a single de-
tector cannot separate the waveform from the random detector noise. Taking
correlation between several detectors is required to extract the waveform of
such background gravitational waves.

2.4 Proposed detectors to observe gravity gra-
dient below 1 Hz

Here we introduce proposed detectors to observe gravity gradient fluctuation
below 1 Hz. As seen in the previous sections, both Newtonian gravity gradient
and gravitational waves act as tidal force on masses. Therefore they can be
measured with the same detector configuration in principle. Actually, some of
gravity gradiometers introduced here are originally proposed as gravitational
wave detectors.
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The largest noise source of the current ground-based gravitational wave
detectors below 1 Hz is the seismic noise. Moreover, the suspension systems of
those detectors have the resonant frequency of ~ 1 Hz, which prevent the test
masses from responding to the gravitational tidal forces below 1 Hz. Therefore
it is necessary to lower the resonant frequency of the system to observe grav-
ity gradient at low frequencies. The following detectors realize this by using
sophisticated systems or going into space. Some of the prototype sensitivities
of the following detectors are later shown in Fig. B9 in the next chapter.

2.4.1 Torsion bar antenna

A torsion bar antenna is a gravity gradiometer using a torsion pendulum. It
was proposed as a low-frequency gravitational wave detector named TOBA
(TOrsion-Bar Antenna) in 2011 [I6]. TOBA measures tidal force from lo-
cal gravity gradient fluctuation via the horizontal rotation of suspended bars.
Since a torsion pendulum can have low resonant frequency, which is in the or-
der of milihertz, the horizontal rotational mode of the suspended bar behaves
as a free-falling mass down to milihertz band. This enables a good response to
gravitational waves and good passive isolation of rotational seismic vibration.
Rotation of the bar is measured with laser interferometric sensors. Hence the
principle of TOBA is quite similar to the existing gravitational wave detectors,
which also measures the motion of masses (mirrors) with the laser interferom-
eter. Several prototypes have been developed so far [[7, IR], and component
researches are also ongoing [Z1]. The sensitivities of those prototypes are shown
in Fig. B9 in the next chapter.

TOBA is sensitive to only horizontal components of gravity strain tensor,
Nz, Ny O hyey, because it uses horizontal rotations. The detailed mechanism of
torsion bar antenna will be described in Chapter B. In particular, detectability
of earthquakes with horizontal components will be discussed in Chapter @.

A similar torsion bar detector named TorPeDO (Torsion Pendulum Dual
Oscillator) is also under development at Australian National University [A9]. It
focuses on the terrestrial targets such as earthquake early warning and Newto-
nian noise detection. Though the principle is same as TOBA, the configuration
of rotation readout and vibration isolation is different from TOBA.

2.4.2 Superconducting gravity gradiometer

Superconducting gravimeters have been used for geophysical observations.
They use superconductor masses levitated by the Meissner effect, which act as
a free-falling mass in at least one degree of freedom. The free-falling degrees
of freedom are sensitive to low frequency gravity fluctuation. By combining
several levitated masses or by using the rotational mode of the mass, gravity
gradient are also measurable. The motion of the superconductor mass induces
current in the superconducting circuit loop due to the Meissner effect, and the
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induced current is measured with SQUID (Superconducting QUantum Inter-
ference Device). The principle is explained in [50].

Recently superconducting gravity gradiometers which are sensitive to the
all components of gravity gradient tensor were proposed [51, 62|, and the ex-
perimental result is also reported [62]. One of such configuration, SOGRO
(Superconducting Omni-directional Gravitational Radiation Observatory), is
targeting gravitational wave observation. As mentioned in [53], SOGRO is sen-
sitive to gravitational waves coming from any directions. Additionally, obser-
vation of all the gravity gradient components provides advantages in detecting
earthquakes, as discussed in Chapter Q.

2.4.3 Atom interferometer

Atom interferometers use interference of matter waves of free-falling atoms.
After the first experimental demonstration reported in 1991 [64], an atom
interferometer was used to measure the gravitational acceleration [b5]. The
atoms interact with a sequence of three laser pulses as follows, and work as
a Mach-Zender interferometer. The first pulse (beam-splitter pulse) splits the
atom into a superposition of two states in different momentum. Next the
second pulse (mirror pulse) is applied to revere the two states. Then the third
pulse (beam-splitter pulse) is applied again to interfere the states of the atom.
The effects of gravitational field along the paths of the atoms are measured as
the resulting interference pattern.

A combination of a laser interferometer and atom interferometers were re-
cently proposed to achieve higher sensitivities [66]. MIGA (Matter-wave laser
Interferometric Gravitation Antenna) [57] is a gravitational wave detector us-
ing such configuration. In these configurations, atom interferometers measure
the phase of the laser imprinted on the atoms at each points. Hence they are
sensitive to gravity gradient in the propagation direction of the laser. The
first proposal [66] assumes the vertically propagating laser, while the laser
propagates horizontally in the MIGA design.

2.4.4 Space-based gravitational wave detectors

There are several proposals of space-based detectors. Their primary merits
are absence of seismic noise and low or zero resonant frequency of the system.
For these reasons, the proposed sensitivities for gravitational waves are much
better than those of the terrestrial detectors above. On the other hand, of
course the space-based detectors are insensitive to earthquakes because the
satellites are far away from the terrestrial sources. Here two projects, LISA
and DECIGO, are briefly introduced below.
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LISA

LISA (Laser Interferometer Space Antenna) [d0] is a space-based laser inter-
ferometer which has 2.5 million km length of baseline. The sensitive frequency
band is 0.1 mHz to 0.1 Hz, therefore one of the observational targets is coa-
lescences of supermassive black holes. LISA consists of three spacecrafts each
of which is drag-free controlled relative to the free-falling test masses inside
the spacecraft. They orbit around the sun along the earth-like orbit. Relative
displacement between the spacecrafts is measured by optical transponder to
detect the spacetime distortion by gravitational waves. The performance of
acceleration noise of the test mass is already demonstrated by LISA Pathfinder
(LPF) launched in Dec. 2015 [58].

DECIGO

DECIGO (DECi-hertz Interferometer Gravitational Wave Observatory) has a
baseline length of 1000 km. The main observational band is between 0.1 Hz
and 10 Hz. It targets to observe the stochastic gravitational wave background
from the early universe, coalescences of intermediate-mass black holes, and
so on. DECIGO consists of three spacecrafts, and three Fabry-Perot cavities
are placed along the baselines. The baseline length fluctuation are measured
with the cavities to detect gravitational waves. The mirrors of the cavities are
used as a reference mass for drag-free control of the spacecrafts. Currently the
precursor detector B-DECIGO is planned to demonstrate the technologies for
DECIGO and to achieve scientific observations.






Torsion Bar
Antenna

A torsion bar antenna (TOBA) is a low-frequency gravity gradiometer using
a torsion pendulum. Tidal force from gravity gradient act as torque on the
suspended bars, which is then measured with a laser interferometric sensor.
As briefly mentioned in Sec. 24, the low resonant frequency enables the bars
to response the gravitational torque at low frequencies. TOBA has two obser-
vational targets which are described in the previous chapter:

e Terrestrial gravity gradient fluctuation induced by earthquakes
e Low-frequency gravitational wave from IMBH binaries

In this chapter, the principle of TOBA is mathematically described in Sec.
B0, Then important noise sources for TOBA are explained in Sec. B2. The
final development target and its scientific outcome are then described in Sec.
B33. Previous experimental results, including the prototype developments and
the component researches on noise reduction, are summarized in Sec. B4. At
the end of this chapter, a 35 cm-scale configuration named Phase-IIT TOBA is
proposed for technical demonstration and earthquake detection. The details
are described in Sec. B3A.

3.1 Principle

Fig. B3 shows the schematic figure of how TOBA works. In the following
discussions, the vertical direction is set as z-axis.

Torque from gravity gradient

When a bar-shaped mass is suspended, it has the gravitational potential energy
Ub of

Uy = [ avp(r)o,(r). (3.1)

35
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Figure 3.1: Principle of a torsion bar antenna.

The derivation of U, with respect to rotational angle € gives the gravitational
torque on the bar, which is

ou,
— 5"
Displacement of a point on the bar at r associated with the rotation is ex-
pressed as

N = (3.2)

dr = w(r)do (3.3)

where w(r) is called the mode function, which is w(r) = (—y,z,0) for the
horizontal rotation. Then the derivation is

N=-— /b AV p(r)w(r) - Ve, (r). (3.4)

Assuming that the gravity gradient —V ® V¢, (r) = G(r) is uniform within
the size of the detector,

@-gbg(r) = —Gijil,‘j, (35)
then
N = G, / AV wi ()2 (3.6)
b
_ Gy — ny 2 2
= = w /de(2:cy)+ny/de(a: — ). (3.7)

The two integrals are the quadruple moments of the bar. Here we define

- /b 4V (2ay), (3.8)

9+ =
0 = [dvia®—y?), (3.9)
(3.10)
hence o o
N=22_TWq 4 Gty (3.11)

2
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or in terms of gravity strain tensor (Eq. (233)),

Pyw — h .
N = %% + Py G- (3.12)
Eq. (81D) or (812) tell that the horizontal rotation is sensitive to only three
components of the gravity gradient tensor.

According to the correspondence between the metric tensor of gravitational
waves and the gravity gradient tensor discussed in Sec. P23, the torque from
gravitational waves is given by

h h
N=Z2q5 + 0 (3.13)

Mechanical response of a torsion pendulum

The equation of motion about the horizontal rotational mode of a torsion
pendulum is

I6(t) + Kyb(t) = N(t). (3.14)
Here I is the moment of inertia around the rotational axis (the vertical axis
here), and k is the torsional spring constant of the suspension wire. The
Fourier transform of the equation of motion gives

50E) N(f) N(f)

0(f) = k(1 +idy) — (27 f)2 - A2 (fo2 (1 + ig) — f2)] (3.15)
where '
_ W _ 1 JRe
fo= =547 (3.16)

is the resonant frequency of the torsion pendulum. Here the loss angle ¢,, was
introduced as the imaginary part of the spring constant based on the structure
damping model. ¢,, indicates the amount of energy loss of the pendulum, and
the Q value of the pendulum is defined as Q,, = 1/¢,,. For a cylindrical wire
which has diameter of d,, and length of [, , K, is given by

TE,dt

o= 1wl 3.17
0 6401+ )l (8:17)

where F,, and v, are the Young’s modulus and the Poisson’s ratio of the wire,
respectively. The following mechanical response function obtained from Eq.
(B13) is also often used in this thesis:

i) 1 1

D= J0 ™ W 2 v i) — (3.18)
From Eq. (312) and Eq. (Bd3), induced rotation of the bar is
N Bmz - B X 7 2
i = (G i) oy @0
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Figure 3.2: Frequency response of a torsion pendulum against gravity strain

for fo =3 mHz, @ = 100 (blue) and f; = 10 mHz, @ = 100 (red).

The moment of inertia I around z-axis is
I= /de(x2 + 9. (3.20)
b

When the bar is along z-axis and the aspect ratio is large enough, ¢ /I ~ 1.
In this case the frequency response 9~/ h corresponds to the last factor of Eq.
(B19). Fig. B2 shows the response 6/ for different resonant frequencies. ¢y /I
is fixed to 1. Above the resonant frequency, the pendulum has flat response to
the gravity strain, while it decreases below the resonant frequency. Therefore
the lower resonant frequency provides wider observational frequency band.
That is one of the reasons why torsion pendulums are suitable for low-frequency
observation. It seems that large signal is available at the resonant frequency
since the frequency response has a peak there. However, signal-to-noise ratio
does not increase there because the noise spectrum of the pendulum’s rotation
also has a peak at the resonant frequency in usual cases of TOBA.T

3.2 Noise sources

It is essential to reduce the noise of the detector or environmental fluctuations
to achieve scientific observation. The main noise sources and how to reduce

1On the other hand, the initial gravitational wave detectors, the resonant mass detectors,
used the signal amplification at their resonant frequencies. It is because their resonant
frequencies were high (typically at a few kHz) hence the main noise sources were sensing
noises which had flat spectrum.
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them are explained in the following subsections. In this section, the amplitude
spectral densities (ASDs) are given in the unit of rotational angle of the bar;

rad/+/Hz.

3.2.1 Thermal noise

Thermal fluctuations of the detector components are one of the fundamen-
tal noise sources in TOBA. According to the fluctuation-dissipation theo-
rem, the induced fluctuation in terms of the detector’s DoFs is determined
by the temperature and the energy dissipation of the system. As shown be-
low, the amplitude spectral density of the thermal noise is given in the form
of \/Sin(f) o< \/Th, where T is temperature and ¢ is loss angle of the rele-
vant component. Therefore the common ways to reduce the following thermal
noise are cooling the components and choosing the material which has small
loss angle ¢. Depending on the types of thermal noise, there are additional
ways of noise reduction. Here three types of thermal noise are introduced and
calculated. The first one is the suspension wire, which thermally shakes the
suspended pendulum. The second one is the suspended bar, whose internal
vibrations can couple to the angular measurement. The third one is the mirror
attached on the bar as shown in Fig. BTl Since the laser interferometric sensor
measures the displacement of the optical surface with the laser beam, thermal
fluctuation of the surface becomes angular noise.

Suspension thermal noise

Energy loss via the suspension wire determines the torque noise of the wire.
Thermal noise in mechanical suspension systems were investigated in [A9]. In
terms of the horizontal rotation of the bar, the amplitude spectral density
(ASD) /S(f) is given by

| 4ksT. [O(f)] | [4kETkwdw, -
sth,sus<f>—$— e

where k,, is the torsional spring constant of the suspension wire and ¢,, is the
loss angle of the wire that was introduced in Eq. (B13). x(f) is the mechanical
response function of the pendulum defined as Eq. (BOR). Eq. (B221) depends
on the temperature 7', loss angle ¢ = 1/Q), the torsional spring constant x and
the moment of inertia 1.

Above the resonant frequency, the thermal noise scales as o< /Ky /12
Therefore small x, and large I can reduce the thermal noise. Note that r,,
and I are not completely independent in an actual suspension system because
the thickness of the wire is related to the mass to be suspended. When the size
of the detector is fixed, mass should be concentrated at the outer ends (like a
dumbbell) to increase I while keeping k., small.
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Using low loss wire is essential to reduce the suspension thermal noise. In
general, energy loss of the wire ¢,, has several origins; loss of the bulk material,
surface loss,

Bar thermal noise

Fluctuations of the internal modes of the bar are also important source of
noise. It can be calculated by considering the eigenmodes of the bar. Since
TOBA measures the rotation of the bar, odd functional modes are important
here. In the following calculations, the bar is aligned to x-axis and consider
the modes in xy-plane. The lowest order odd functional mode of a rectangular
bar which has a dimension of (z,y, 2) = (Ls, ly,l.) (Ly > 1,,1.) is given by

2 . 20pT . 20
= COS (vg - sinh + coshay - s ) ,
() \/cosh2 g + cos? ( 2 s L, G2 s Ly
(3.22)
ay ~ 3.9266, (3.23)

and the eigenfrequency ws is

ABLE
_ . 3.94
B\ VA (3.24)

Here M, and FE} are the mass and the Young’s modulus of the bar, respectively.
The eigenmode can be treated in the same way as the rotational mode of the
suspension thermal noise. Note that the conversion to the angular fluctuation
depends on how to measure the rotation. For simplicity, the angular fluctuation
at the center of the bar is calculated below. The ASD of thermal fluctuation
is

Sth,bar(f) =~

5.3962 $ dkpT W2 5.25)

L, w  Myws(1+idy) — w?|?

Here ¢y is the loss angle of the bar.

The frequency band of interest (below 1 Hz) is usually below the eigenfre-
quency of the bar. In this case, larger ws gives lower thermal noise. Hence the
bar should be stiff against bending to suppress the noise.

Mirror thermal noise

Mirrors attached on the bar for the interferometric readout are also the sources
of thermal noise. In principle this noise can be derived by considering the
higher order modes of the bar in the same way as the bar thermal noise.
However, it is convenient to treat them separately because the relevant scales
are quite different for them; the bar length L, is much larger than the laser
beam width w.
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Each mirror has a coating layer on the substrate surface to control the
reflectivity. Both the substrate and the coating contribute to the thermal
noise. Displacement thermal noise for an infinite substrate measured with
Gaussian laser beam was calculated by Y. Levin [60] and later G. M. Harry
included the contribution of the coating layer [61]. Based on their calculations,
angular thermal noise when the rotation is measured by two Gaussian laser
beam at two points separated by D is

V2 [AkpT 1 — 12 iy
Sthmlr = \/ J7E w (3.26)
e (14w —2v)* B (1+v)(1—2v)
Omin = 05+ fw( B, (I—w)i-1) 'E <1—uz><1—uc>>¢°‘

(3.27)

w is the radius of the laser beam (where the intensity is 1/e* of the maximum)
and d. is the thickness of the coating layer. F,, v, and ¢, are the Young’s
modulus, the Poisson’s ratio and the loss angle of the mirror substrate, respec-
tively. E., v. and ¢, are those on the coating layer. Here ¢, is assumed to be
isotropic.

Though the separation of measurement points D should be as large as
possible, it cannot exceeds the bar length L;. Using large beam is more effective
to reduce the mirror thermal noise.

3.2.2 Quantum noise

Another fundamental noise is quantum noise, which originates from the quan-
tum fluctuation of vacuum. The ASD of the quantum noise is

~ Osqu(f) 1
Squantum(f) - \/5 \/|K(f)| + |’C(f>|7 (328>
Osqu(f) = /2RIX(f)I, (3.29)
X(f)=0/N. (3.30)

Here x(f) is given by Eq. (BIX). I(f) is a function depending on the sensing
system, which is large as the system has high sensitivity, i.e. the motion of the
bar generates large signal electric field. The first term of Eq. (B2R) is called
shot noise, which originates from the fluctuation of the photon number to be
sensed. The second term is called radiation pressure noise, induced from the
fluctuation of radiation pressure due to the fluctuation of the photon number.
If the shot noise is significant, a high sensitive rotational sensor is necessary
to reduce the noise.

The shot noise and the radiation pressure noise are in the trade-off relation.
This gives the standard quantum limit (SQL) Osqr(f), which determines the
standard lower limit of the noise spectrum. The SQL is not the absolute
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bar

Figure 3.3: A single-stage torsion pendulum.

limit in all kind of detectors; it can be exceeded by quantum non-demolition
measurement such as using squeezed vacuum, and so on [67].

3.2.3 Seismic noise

Vibration of the ground, or the suspension point of the pendulum, can be
transferred to the rotation of the suspended bar via the suspension wires.
There are two ways to reduce this noise; suppressing the vibration at the
suspension point or reducing the vibration transfer of the pendulum. Here
these reduction schemes are discussed for the following three different types of
seismic noise.

Rotational seismic noise

Horizontal rotational vibration of the ground can be passively isolated by a
multi-stage pendulum. The vibration isolation ratios of a single-stage torsion
pendulum which is shown in Fig. B=3 is

o ke S
Og(f)  kw—I? " f3—f*

Here the damping terms were ignored for simplicity. The vibration of the
ground is isolated at the bar above the resonant frequency fy. In general, a n-
stage pendulum can suppress the vibration above the resonances in proportion
to f72". This is the same technique as the ground-based gravitational wave
detectors.

When two bars are suspended in the same way, same vibration is trans-
ferred to each bar from the ground. Therefore the rotational vibration noise
can be suppressed further by using the differential rotation of the bars for
observations. This is called a common-mode rejection technique.

In total, the rotational seismic noise is given by

(3.31)

Sseis,rot(f) = CCMRRHrot(f) Sg,rot(f)v (332)
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Figure 3.4: Routes of cross-coupling transfer.

where Ccoygrgr is the common-mode rejection ratio, ﬁ[mt( f) is the vibration
isolation ratio, and 4/Sy ot (f) is the ASD of the ground rotation.

Translational seismic noise (seismic cross-coupling noise)

Translational vibration of the ground are ideally not transferred to the hori-
zontal rotation of the bar. However, asymmetries of the system can be a route
of such cross-coupling transfers. This noise tends to be more significant than
the rotational seismic noise. Many of the cross-coupling routes were identified
in [21]. According to [21], most of the routes are the tilts of the system, such
as the tilt of the bar, the mirror for the laser, the sensing axis of the optics,
and so on. The important cross-coupling routes are shown in Fig. B4. The
noise spectrums for them are expressed in the following form :

Sutsarns $) = (e ER(D)] + orlFr(1)] + A ) y/Span( D).
(3.33)

where ¢ppr is the tilt of the bar in pitch and roll directions, respectively.
They are the relative tilt to the sensor-based axis in which the sensing system
measures the rotation. The pitch and the roll are the rotations around = and
y axis, respectively. Hpg(f) and H,(f) are the transfer functions to the bar’s
pitch, roll rotations and z-translation from the translation of the ground. R,,
is the radius of curvature of the mirror, and /S, trans(f) is the spectrum of
translational ground vibration.

In addition to the suppression of translational ground vibrations, reducing
the tilt of the system is effective way to reduce the noise. The tilt can be
adjusted by balance weights, actuators, and so on. For the third route of Eq.
(B333), using a flat mirror surface or placing the mirrors in parallel at the points
where the laser beam hits are necessary for noise reduction.

Nonlinear vibration noise

It was recently found by the author that nonlinear vibration noise induced
by the synergy of translational seismic vibrations in two horizontal DoFs be-
comes significant noise source [22]. The detailed calculation is shown in the
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Appendix [Al. The resultant Fourier spectrum of the horizontal rotation for a
bar suspended in xy-plane is given as

0(f) = () [(Iy = L)0p * (w?0r) + (I. — L) (w?0p) * Or
—(L; — 1) (Wép) * (wéR) + mh{(w%) * O0p + (ng) * éRH .
(3.34)

Here “x” means frequency convolution.? # and § are the horizontal translation

of the center of mass, and fp and 05 are the pitch and the roll rotation around
x and y axis, respectively. I; are the moments of inertia around each axis.

The noise spectrum is determined by the DoFs other than the horizontal
rotation, therefore translational vibration isolation is necessary to reduce this
noise. Note that the vibration isolation by one order of magnitude results
in noise reduction by two orders of magnitude, because every term of Eq.
(B334) is the product of two DoFs. Since the terms are frequency convolutions,
the resonant peaks in each DoFs have dominant contributions in the total
spectrum. Hence suppressing the resonant peaks by damping is effective to
reduce the noise. The details are explained in Appendix [l

3.2.4 Newtonian noise

Since TOBA targets to measure the local gravity gradient, background fluc-
tuations of the gravitational field also become noise sources. Such noise is
called Newtonian noise (NN) or gravity gradient noise [64]. Newtonian noise
is caused by any moving masses. Representative examples are seismic NN [65]
and atmospheric NN [66, 63]. These Newtonian noises are estimated to be
significant for the future gravitational wave detectors. Some noise reduction
schemes have been proposed; feed-forward cancellation by estimating the grav-
ity fluctuation based on environmental monitors [67, B8], or removing the mass
around the detector [69]. However, the nature of the noise is not completely
understood because Newtonian noise has not been directly measured yet.

Fig. B3 shows the estimated ASDs of NN. They are in the order of 1071°
/vHz around 0.1 Hz, hence they can be problems for TOBA. Choosing the
quiet place to build the detector, and developing the reduction scheme as
mentioned above will be necessary to achieve the sensitivity of 1071° / VvHz.
As shown in Fig. B3, the temperature NN is significantly suppressed in an
underground site. In any cases, the first things to do are to measure NN
directly and to investigate the nature of the noise. These are also important
as research and development for another ground-based GW detectors.

2(F«G)(f)= 7 F(x)G(f — z)da (F(f),G(f) : functions)
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Figure 3.5: Estimated Newtonian noise spectrum for seismic NN (blue) , at-
mospheric infrasound NN [63] (green) and atmospheric temperature NN (red).
The seismic NN was calculated based on the estimated spectrum for KAGRA
[26]. The atmospheric NNs are plotted for different depths; 0 m (solid lines),
100 m (dashed lines) and 300 m (dotted lines).

3.2.5 Residual gas noise

The residual molecules in the vacuum chamber hit the suspended bar and
excite the vibration. This noise can be calculated by considering the damping
rate in the gas. For a rectangular bar which has a side area of A;, the ASD of
residual gas noise is given by

Poac ApLiN/mm kT |
Sgas<f>—J R (3.35)

where m,, is the mass of the residual gas molecule, and P, is the pressure
around the bar.

Improving the degree of vacuum is essential to suppress the residual gas
noise. Though cooling is not directly very effective to reduce this noise because
of the small dependency on the temperature (o< 7/4), the cryogenic part
improves the degree of vacuum by adsorbing the molecules on the surface.
This effect is known as a cryopump. Using a bar with small side area A, is
also important.

3.2.6 Magnetic noise

Fluctuation of environmental magnetic field can couple to the bar’s rotation via
the magnetic moment g or the magnetic susceptibility x,, of the bar. Torque
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Figure 3.6: Asymmetric thermal expansion of the bar.

from from the coupling between pu and B is
N =pu x B. (3.36)

This directly becomes a noise of the bar. Additionally, the gradient of the
magnetic field can couple to the magnetic moment g and the magnetization.
The force from the magnetic field gradient is

F:V<<H+W>-B>, (3.37)

where V},, is the volume of the magnetized part and po = 1.257 x 10~%m - kg -
s72 . A2 is the magnetic permeability of vacuum. If the force is not uniform
on the bar, it can be torque noise. Hence the nonuniformity of the magnetic
parameters is the source of noise.

Reducing p or y,, and suppressing B is necessary to reduce the magnetic
noise. Magnetic materials should not be used for the bar or the attached com-
ponents to make g small. For the magnetization, It is possible to adjust x,, to
be zero by using alloys of paramagnetic materials and diamagnetic materials.
These parameters should be uniform in the bar. For B, magnetic shielding is
effective to suppress the fluctuation. Ferromagnetic materials or superconduc-
tor can be a good magnetic shield at low frequency. The reported magnetic
shield using a high temperature superconductor Bi-Sr-Ca-Cu-O, can reduce
the fluctuation by more than six orders of magnitude at 0.2 Hz [70]. Such a
shield is compatible with a cryogenic system.

3.2.7 Temperature fluctuation noise

Temperature fluctuation of the bar or the surrounding materials can cause the
fluctuation of thermal radiation and the distortion of the components.
Thermal radiation noise

Thermal radiation act as the torque noise when the temperature fluctuation
is not uniform. The radiation pressure on the bar is given by

Osb T4
Ge S

Prad = eb%Tf +(2-a) (3.38)



3.3. Target of TOBA 47

where ¢, is the emissivity of the bar, oy, is the Stefan-Boltzmann constant,
and T, and Ty, are the temperature of the bar and the surrounding mate-
rials, respectively. The first term is the reaction of radiation from the bar,
and the second term is the absorption and reflection of the radiation from the
surrounding materials. When the temperature fluctuation is completely dif-
ferential at the both ends of bar, the total torque becomes the maximum. In
this pessimistic case, the ASD of noise is given by

TP AL — T3 AL .
S (1) = (W7 [ 7 4 BN () fe(r)
(3.39)

Ay and Ly are the side area and the length of the bar respectively. St, (f) and
St...(f) are the spectrum of temperature fluctuations.

Cooling has a significant advantage about this noise due to the strong de-
pendence on the temperature; oc 7°. Suppressing the temperature fluctuation
by surrounding the bar with a material which has high thermal conductivity
is also effective way of noise reduction.

Thermal distortion noise

Asymmetric thermal expansion as depicted in Fig. B introduces the fluctua-
tion of angular signal. The ASD of this noise is

stemp,disxf):jj’bab(n) SATb<f>+jj’bAauTb)\/sTb(f), (3.40)

where o(T}) is the thermal expansion coefficient of the bar, and Aay(73) is

the difference of the coefficient at the both ends of the bar. /Sar,(f) is the
spectrum of temperature difference at the both ends of the bar.

Cooling is effective here to reduce the noise because most of materials
have small thermal expansion coefficient at cryogenic temperatures. The bar
should have high thermal conductivity to reduce the differential temperature
fluctuation.

3.3 Target of TOBA

TOBA targets to observe earthquakes and gravitational waves as explained
in Chapter B. The gravity-based observation of earthquakes will provide new
information of earthquakes, which is directly associated with induced density
perturbation, and also enable earlier detection than using seismic waves. Ob-
servation of gravitational waves from intermediate mass black holes will let us
study the origin of SMBHs at the center of galaxies. The required sensitivity
is predicted to be 10715 //Hz at 0.1 Hz for the detection of earthquake [2],
and 1071 /y/Hz for the observation of gravitational waves.
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Figure 3.7: Design sensitivity of Final TOBA [i].
Final TOBA

The final target sensitivity of TOBA is 107! /\/E at 0.1 Hz to observe
gravitational waves from IMBH binaries and to realize a gravity-based earth-
quake early warning. For that purpose, a 10 m-scale detector, Final TOBA,
is planned to be developed in the future. Detailed noise budget about the
design sensitivity is shown in Fig. BZ2 [16]. In this design, the bars are made
of aluminum with 10 m length and 0.6 m diameter. The bar has a mass
M, = 7600 kg, a moment of inertia I, = 6.4 x 10* kg - m?, and internal loss
angle ¢, = 1077. The resonant frequency is f, = 1 mHz, and the loss angle of
the wire is ¢, = 1071%. The bar and the wire are kept at cryogenic temper-
ature T' = 4 K to reduce the thermal noise. Rotation of the bar is measured
with a pair of Fabry-Perot cavities at both ends of the bar. The input laser
power is set to 10 W, and the cavity has a finesse of 100.

The observable range for IMBH binaries with the target sensitivity is shown
in Fig. BR [16]. It reaches 10 Gpc for 10* — 10° M, IMBHs. Though the
expected event rate is uncertain due to the lack of information on IMBHs, a
cosmological N-body simulation suggests that a few events will be observed
per a year [[1].

For earthquake, Final TOBA has much better sensitivity than 10~'° /+/Hz,
which is required to detect M,, = 7 earthquakes within 10 seconds from 100 km
distance [2]. Since the gravity strain signal is proportional to r=> (r:distance)
as indicated in Eq. (2223), the observable range with Final TOBA is about
600 km. Note that this estimation is based on the result for vertical gravity
gradient measurement [2]. Taking the cost of the detector into account, a
smaller scale configuration will be enough for the purpose of earthquake early
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warning.

3.4 Previous results

Towards the challenging target of Final TOBA, component researches have
been performed with smaller scale prototypes. The prototypes developed some
of the essential technologies for TOBA, investigated advanced configurations,
and also did gravitational wave observations. The overview of these results
are reviewed here. The achieved sensitivities of the prototypes are shown in
Fig. B9 with the sensitivities of other detectors including the superconducting
gravity gradiometer (SGG [62]) and LISA pathfinder [[72]. The design sensitiv-
ity of the TorPeDO prototype is also plotted in the figure. Though currently
the superconducting gravity gradiometer has better sensitivity than the pro-
totypes of TOBA, no detector has achieved a sufficient sensitivity required
for the observation of earthquakes or gravitational waves. Therefore intense
upgrades of the detector are required.

First prototype (Phase-I TOBA)

The first prototype was developed in 2011 for the proof of principle [I7]. The
bar was suspended by superconducting magnetic levitation, and the horizontal
rotation of it was measured with a Michelson interferometer on the ground.
The noise spectrum of the first prototype was dominated by magnetic noise
below 0.1 Hz and seismic noise above 0.1 Hz. Below 0.1 Hz, a large magnet
for levitation introduced magnetic torque noise on the bar. Above 0.1 Hz,
translational seismic vibration was transferred to the rotational signal of the
bar via the tilt of the interferometer mirrors. The achieved noise level was
about 10® /v/Hz at 0.1 Hz.

Using a pair of this prototype, the upper limit on the stochastic background
gravitational wave was also set to Qgyh3 < 1.9 x 10'7 at 0.035-0.830 Hz [73]
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Figure 3.9: Sensitivities of low-frequency gravity strainmeters developed so far.
The orange, red and green solid lines are the prototype sensitivity of TOBA,
and the dashed blue line shows the design sensitivity of Phase-II1 TOBA,
which will explained in Chapter B. The dashed green line shows the design
sensitivity of TorPeDO prototype [d9]. The solid pink and the solid cyan lines
are the achieved noise level of LISA pathfinder [72] and the superconducting
gravity gradiometer [62], respecrively. For these two detectors, acceleration
noise spectrum given in the paper was converted to strain noise using the
detector scale D by h = a/(Dw?). Note that LISA pathfinder is not sensitive
to terrestrial gravity fluctuations since it is in the space.

Second prototype (Phase-II TOBA)

The second prototype developed in 2014 used a wire suspension system [IR, [74].
Two bars were suspended orthogonally with double wires each from an inter-
mediate mass. The fiber interferometer was constructed on a optical bench,
which was also suspended with wires. At the suspension point, an active vibra-
tion isolation table was implemented to suppress seismic noise. It is a feedback
stabilization system using seismometers and hexapod actuators. This proto-
type has multiple observation signals which consists of the rotations around
three axes. Such a configuration is called as multi-output configuration. The
multi-output configuration can compensate the blind direction of the detector
and improve the detection volume and the parameter estimation accuracy [74].
The noise spectrum of this prototype was limited by the seismic noise and the
vibration noise of the fiber optics. The achieved noise level was about 10~
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/\/E around 5 Hz.

Using this sensitivity, the presence of 200M, IMBH binariy within r <
2.1 x 10™* pc was excluded [74]. The upper limit on the stochastic background
gravitational wave was also set to Qgyh3 < 1.2 x 102 at 2.6 Hz [76].

Satellite experiment using rotating TOBA

Spaceborne experiment of TOBA was performed from 2009 to 2010. The satel-
lite was named SWIM,,,,, which contained a small bar (50 g) whose motion was
measured with photo-reflective displacement sensors [19]. This was the first
spaceborne gravitational wave experiment. The bar and the housing satellite
rotated at f,,; = 46.5 mHz. Rotation of the satellite up-converts the low-
frequency gravitational wave signal to around the rotational frequency. This
improves the signal-to-noise ratio when the noise spectrum has steeper fre-
quency dependence than /S(f) o< f~2 between the target frequency and for.
Additionally, the rotating configuration is directly sensitive to circular polar-
izations of gravitational waves which are defined as h = (hy % ihy)/v/2. Two
polarizations of the gravitational wave at f,, appears separately at fior + fow
and frot - fgW‘

Observation data was taken for six hours. Using the data, SWIM,, set
upper limits of Qi < 1.7 x 10°" and QJF < 3.1 x 10* for two circular
polarizations of the gravitational wave background.

Research on seismic noise

In order to investigate the way to reduce the seismic cross-coupling noise in
TOBA, an experimental demonstration using a simple double-stage pendulum
was performed in 2016 [21]. This experiment successfully reduced the cross-
coupling transfer functions down to 5 x 107% rad/m at 0.1 Hz. Though the
achieved values are insufficient for the future sensitivity of TOBA, this work
have establish the basic way to reduce the translational seismic noise.

3.5 Next step : Phase-II1 TOBA

From the prototype developments explained in Sec. B4 and the theoretical cal-
culations listed in Sec. B2, many issues have been clarified. Among them, the
main difficulties to achieve the required sensitivity for scientific observations
are as follows :

e Thermal noise reduction with a cryogenic system
e Seismic noise reduction with a low frequency vibration isolation

e Precise measurement of the pendulum rotation with a laser interferomet-
ric sensor
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Figure 3.10: Development plan of TOBA. Three steps are shown with each
target sensitivity at 0.1 Hz.

e Newtonian noise reduction

The first three points are about the instrumental noise, hence technical de-
velopments are necessary for the noise reduction. The last topic is about the
environmental noise. Since Newtonian noise has never been measured directly,
the noise properties should be investigated to establish reduction method. As a
first step, it is better to investigate these issues with a small scale configuration
before developing the 10 m-scale Final TOBA.

Phase-III TOBA

In this thesis, we propose a 35 cm-scale detector named Phase-III TOBA.
Phase-IIT TOBA targets to demonstrate noise reduction and to realize earth-
quake detection at the same time. The target sensitivity is set to 10~ /v/Hz
at 0.1 Hz, which is required to detect earthquakes [2]. Some of the important
technical issues mentioned above are to be solved with Phase-III TOBA at
first, then the technologies are scaled up for Final TOBA in a future step.
One of the key features is the cryogenic system, which is introduced to TOBA
for the first time. The vibration isolation system and the optical system are
also implemented for Phase-IT11 TOBA to achieve the target sensitivity. About
the Newtonian noise, direct measurement is expected to be achievable with the
target sensitivity as indicated in Fig. BZ3. The noise properties are investigated
with Phase-III TOBA to establish the noise reduction method, which will use
auxiliary environmental sensors. Fig. B0 summarizes the development plan
of TOBA. Phase-III TOBA is the intermediate step before developing Final
TOBA. Table B compares the configurations of Phase-III TOBA and Final
TOBA.

Theoretical and experimental topics about Phase-III TOBA are investi-
gated in this thesis. On the theoretical side, the observation ability of earth-
quake with TOBA is studied in Chapter @ to confirm the expected scientific
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Table 3.1: Parameters of Phase-1II TOBA and Final TOBA.

’ Parameter ‘ Unit ‘ Phase-II1 ‘ Final ‘
Target sensitivity at 0.1 Hz | [/vHz] | 1071 1071
Bar length [m] 0.35 10
Moment of inertia kg:m?] | 0.056 | 6.4 x 10*
Resonant frequency [mHz] 9 1
Temperature K] 4 4
Laser power (W] 0.05 10

outcome with Phase-IIT TOBA. As mentioned in Chapter I, TOBA is sensitive
to horizontal gravity gradient, while the previous study [2] assumed vertical
gravity gradient measurement. The detectability of earthquake with TOBA
is calculated, and the difference from other types of detectors is clarified in
this thesis for the first time. In addition, localization of epicenter is simu-
lated using an array of TOBA to consider a realistic system of gravity-based
EEW. The experimental topics are described in Chapter B-. In Chapter B,
the system of Phase-IIT TOBA is designed with a focus on the cryogenic sys-
tem to achieve the target sensitivity of 107'° /v/Hz. The fundamental part
of the cryogenic system is experimentally demonstrated in this thesis, which
is reported in Chapter B. Both of these theoretical study and the technical
developments are essential for TOBA project.






Detectability of
Earthquake

Detectability of earthquakes with TOBAs is investigated in this chapter. The
purpose of this chapter is to clarify the requirement on TOBA to realize mean-
ingful gravity-based EEW.

First, achievable signal-to-noise ratio of TOBA is calculated and compared
with other types of gravity gradiometers. This comparison is an extension
of the previous work [?] that evaluated the detectability with vertical gravity
gradients. As mentioned in Chapter B, TOBA is sensitive to only horizontal
gravity gradient (or equivalently, horizontal gravity strain) while some of other
types of detectors are sensitive to vertical gravity gradient (strain). From
the comparison between them, the earthquake detectability of TOBA with a
sensitivity of 107 / v/Hz is evaluated to clarify how TOBA can contribute
to EEW. More general information that what kind of detector is preferred for
effective earthquake detection is also available from this result.

Second, the localizability of earthquake is simulated for several cases and
compared to each other to investigate what kind of detection system should
be constructed after the target sensitivity is achieved for a single detector.
Though the localizability for the 2011 Tohoku-oki earthquake with vertical
gravity strain was already examined in the previous work [2], here more general
cases are investigated with horizontal gravity gradient observation. Some of
the simulation results are then fed back to the requirement on the detectors,
such as the arrangement of detectors or the calibration accuracy of them.

Throughout this chapter, the following spectrum of the detector noise in
terms of gravity strain is used for calculation:

() = 10~ H;f L N (A1)

by assuming that it is limited by sensing noise (flat spectrum) above 0.1 Hz
and force noise (o< f~2) below 0.1 Hz. The value 1071 is close to the sensitivity
of proposed gravity gradiometers including Phase-IIT TOBA.

95
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Figure 4.1: The definition of coordinate and five gravity strain components.

The SNR and the localizability are basically investigated around 10 seconds
after the onset of the fault rupture. This target time is set to discuss about the
ability of early warning with gravity-based observations. It is also a suitable
period for gravity strain measurement around 0.1 Hz. Since seismic P wave
travels about 70 km in 10 seconds, the gravity-based detection has chance to
precede the current detection method using seismic waves for distant (> 70
km) earthquakes.

The definition of coordinate is shown in Fig. EZ1. Instead of the earth-
based coordinates (x,y, z), the gravity strain tensor is defined based on the
detector-centered coordinates (r,t,z). The five independent components in
the gravity strain tensor are set as follows :

hrr - htt

(horizontal) hy = — 5 hy = hyy, (4.2)

(vertical) Bovy Py, s (4.3)

Two horizontal strain components (plus h, and cross hy) are defined in anal-
ogy to gravitational waves. The remaining three components are chosen as the
vertical strain components. TOBA and some kind of atomic interferometer
such as MIGA are sensitive only to the horizontal components. A supercon-
ducting gravity gradiometer SOGRO is sensitive to both the horizontal and
the vertical components.

4.1 Signal-to-noise ratio with different types
of gravity gradiometers

In this section, detectability of earthquakes with different types of proposed
gravity gradiometers are calculated and compared to each other. Then the
detectability of TOBA, which is sensitive to only horizontal gravity strain, is
discussed by comparing it to the detectability with vertical gravity strain. The
detectability is quantified by available signal-to-noise ratio with the detector
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sensitivity of 1071° /v/Hz (Eq. (E0)). The gravity strain signals are calculated
with the analytical half-space model [24] in this section. To investigate the
early detectability, SNRs are calculated at 10 seconds after the onset of the
fault rupture.

4.1.1 Calculation of signal-to-noise ratio

Optimal signal-to-noise ratio (SNR) for a strain signal h(f) under an instru-
mental noise n(t) with a spectrum of S,(f) is given by a matched filtering

- 5 )

s = S

where s(t) = h(t) + n(t) is the recorded signal. In time-domain, the SNR is
given by a convolution of two filtered signals h,,(t) and s,() as follows

CIJ

SNR = / g MOE ) (4.4)

SNR(1) — /Otdmw@—f)sw(f), (4.5)

h(f)  omi _ 5(f)
hot) = /dfme /. )_/dfm

The applied filter 1/4/S,(f) works as a whitening filter for the instrumental
noise n(t). For the noise spectrum given in Eq. (£), the whitening filter is a
second-order high-pass filter with a cutoff frequency of 0.1 Hz.

In the calculation flow, the signal template h(t) is numerically calculated
base on the half-space model. Then ten timeseries of the instrumental noise
n(t) are randomly generated. Each time series is whitened and convolved
to calculate the SNR. The averaged value of the SNRs for ten random noise
timeseries is used as a final SNR.

™ (4.6)

4.1.2 Source parameters

Three focal mechanisms are investigated in this section; one strike-slip fault
and two dip-slip faults. The pictures of the strike-slip and the dip-slip faults are
shown in Fig. 73. The parameters used here are (75, 74, 7-) = (180°, 90°, 180°)
for the strike-slip fault, and (180°, 10°, 90°) and (180°, 20°, 90°) for the dip-
slip faults. The dip angles are selected as the typical ones for oceanic plates
[77]. The depth of the hypocenter is set at 20 km as a typical value of earth-
quakes, because most of earthquakes happen in the region shallower than 50
km depth as shown in Fig. B2
The used source time function is plotted in Fig. BZ3. The functions are

based on Eq. (24), which assumes the self-similarity of source fault evolution.
As mentioned above, signal-to-noise ratio is calculated at 10 seconds after
the onset of the fault rupture. The half duration of the source fault rupture
is assumed to be longer than 10 seconds, which is correct for M, > 7.3 in
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Figure 4.2: Depth distribution of hypocenter for M, > 6.5 earth-
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Figure 4.3: Model source time functions for M,, = 7.0 (blue), M,, = 7.5 (green)
and M,, = 8.0 (red). The initial 10 seconds of the function for M,, > 7.3 is
used for signal-to-noise ratio calculations.

the model (Eq. (2227)). Since the initial fault evolution is assumed to be
independent to the magnitude, the following calculations are valid for any
magnitudes larger than 7.3 under the assumption of the self-similarity.
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Figure 4.4: Azimuth-distance distributions of SNR available with gravity strain
measurement with 10-'° /v/Hz sensitivity of the detector. 0° is the East and
90° is the North. The color indicates the SNR as shown in the color bar at the
bottom. Each column and row corresponds to the focal mechanism and the
component of gravity gradient tensor, respectively. The dashed grey circles
are the grid lines of 50, 100 and 150 km distance. The dashed and the dotted
black contours show the area of SNR=8 and 3, respectively. The white blank
area at the center of each figure (< 85 km) is the region where seismic P-wave

arrives within 12 seconds.
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4.1.3 Signal-to-noise ratio distribution for each gravity
strain component

First, the SNR distributions are calculated for each component of the gravity
strain tensor. To investigate the early detectability, the SNRs are calculated
at 10 seconds after the onset of the fault rupture. Fig. B4 shows the azimuth-
distance distribution of SNR for each component and each focal mechanism
up to 200 km distance. The color indicates the SNR as shown in the color bar
at the bottom. SNR is below 1 outside the plotted region (> 200 km). Each
column corresponds to the focal mechanism, and each row corresponds to the
gravity strain component. The white blank area at the center of each figure
(< 85 km) is the region where seismic P-wave arrives within 12 seconds. The
East and the North direction is set to 0° and 90° respectively, hence the strikes
are along to 90°-270° line.

About the strike-slip event, the quadruple pattern of the SNR distribution
reflects the induced density change. More SNRs are available for the horizontal
plus and cross components than the vertical components. This is because the
density change evolves in horizontal directions, then the shallower parts of the
ground is mainly deformed. The SNR with A is roughly twice higher than
with h,, or h,, components. Only h, can give large SNR at 0°, 90°, 180° and
270° directions.

About the dip-slip events, the vertical gravity strain components give larger
SNRs than the horizontal components. In these earthquakes, the density
change evolves vertically therefore the deeper part of the ground is deformed,
which results in larger signal amplitudes in the vertical components. hy and
h.. give similar SNRs, which are important at 180° direction. At 0° direction,
only h,, can have high SNR. It is difficult to detect the dip-slip earthquakes
from the direction along the strike line (90° or 270°), because no components
have sufficient SNR in those directions. The dependence on the dip angle is
insignificant at early phases, though asymmetry of the distribution between
the left half and the right half slightly increases as the dip angle.

4.1.4 Signal-to-noise ratio distribution for each type of
detector

Next, Fig. B3 shows the sum of the SNR in three sets of the strain components.
The “all” in the first row is the sum of the five strain components, hence
this gives the maximum available SNR. The “horizontal” in the second row
is the sum of two horizontal components, h, and hy, which are detectable
with TOBA. The “vertical” in the third row is the sum of the three vertical
components, h,,, h,, and h;,. To make the distribution quantitatively clear,
the azimuth distribution of the SNR at 100 km distance is plotted in Fig. IG.

It is clear that the horizontal components have dominant contribution in the
strike-slip event. 80 % of the maximum SNR is available at any azimuths with
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Figure 4.5: Sum of the SNR distribution for the set of gravity strain compo-
nents. Each row corresponds to the sum of the all components, the horizontal
components and the vertical components, respectively. The dashed and the
dotted contour show the area of SNR=8 and 3, respectively.
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Figure 4.6: Azimuth dependence of the SNR distribution at 100 km distance
from the epicenter.
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the horizontal components. Though the vertical components give good SNR at
several azimuths, their detectability is lower than the horizontal components
and also depends on the azimuths. From these results, TOBA has a dominant
contribution in detecting strike-slip earthquakes.

On the other hand, the vertical components have advantages in detecting
dip-slip earthquakes. The horizontal and the vertical components have almost
same SNR in 180° direction, which is about 70 % of the maximum SNR.
The difference is significant in 0° direction, where the vertical components is
dominant and the contribution from the horizontal components is only 30 % of
the maximum. However, in usual case the coast is in the direction of 180° and
there is no land in the direction of 0°, to which the hanging wall moves. Since
detectors cannot be placed without land, the horizontal strain components and
the vertical strain components will provide similar contribution in detecting
actual dip-slip earthquakes.

In summary, good SNRs of gravitational signals are available with the hor-
izontal gravity strain components. They give better SNRs than the vertical
components in strike-slip earthquakes, and similar SNRs as the vertical com-
ponents in dip-slip earthquakes at 90°—270° azimuths. Though observing both
of horizontal and vertical components is always the best way, at least 70 % of
SNR will be available only with the horizontal components. The detectable
range of the horizontal components with SNR=S8 is isotropically 130 km at
10 seconds for strike-slip earthquakes. Though the range for a dip-slip earth-
quake depends on the azimuths, it is 130 km at 180° direction, where there is
a land in usual cases. Thus TOBA can contribute well to detect earthquakes.
As demonstrated by the calculations, the assumed sensitivity 107> /v/Hz is
enough for the detections.

4.2 Localization

In this section, the localizability of earthquakes using torsion-bar type detec-
tors is investigated to consider a configuration of earthquake detection system.
Here we basically follow the method proposed in [[7&]. The proposed method is
to use the amplitude ratio of the gravity signal between two detectors placed
at the same point in different orientations offset by 45°. Such a set of detectors
can constrain the direction of the epicenter to four directions from the signal
amplitude ratio between the two detectors. Then, by using the three sets of
detectors, the location of the epicenter can be identified in a single point. This
idea is to use S(0, ¢) in Eq. (2223) which depends only on the direction of the
epicenter and the orientation of the fault. The primary merit will be that the
dependence on the source time function Z[M (t)] can be omitted. Otherwise
the information of M(t) is required to localize the epicenter, which is quite
hard due to the variance of M (t) as shown in Fig. 2.

In this thesis, their method is a bit generalized; N, detectors are placed at
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different points (not necessarily paired), and a Ngz-component vector of signal
amplitude ratio between the detectors is used for localization. By choosing
this way, the signals at different distances are directly compared. Therefore
the r=° dependence in Eq. (224) is also taken into account, which will help
the localization more.

The calculated localized area is then compared to 100 km?, which is the
minimum unit of the current early warning system in Japan based on seismic
waves.

4.2.1 Calculation flow

Here Monte-Carlo simulations were performed to calculate the localizability.
The calculation flow is as follows

1. The xy-plane is divided into a grid, and detectors are placed at several
points. Then the gravity strain signals recorded by each detector are
calculated for the epicenters at the grid points (z,y).

2. The signal amplitude ratio between the detectors is saved as a template
of Ng-component vector. The vector is normalized to an unit length
vector.

3. An event is injected at arbitrary point, and gravity strain signals are
calculated at the position of the detectors.

4. Instrumental noise is added to the signal, and the signal amplitude ratio
is estimated from the signal timeseries of each detector.

5. Step3d and Step4 are repeated 10000 times for randomly generated in-
strumental noise, and the probability distribution is derived.

The simulated area is 200x200 km area, and the detectors are placed around
the left end of the area. Such arrangement assumes the case of detecting off-
shore earthquakes from the detectors placed along the coast line. As mentioned
in Sec. P23, gravity-based earthquake detection will play an important role
in such a case. Though there can be other cases in general, the most practical
case is investigated here for the first step.

The primary target is to determine the location of the epicenter (z,y) which
are most important for early warnings. Hence the other parameters, the focal
mechanisms and the depths are fixed in the first step (Sec. B=22). This is based
on the assumption that large earthquakes will happen along the known faults.
The effect of the fixed parameters is then discussed in Sec. and Sec.
A=224. The simulation area is divided into 1x1 km grids, which is sufficiently
small as the localization accuracy to use early warnings of earthquakes. The
gravity strain signals are calculated with the analytical full-space model (see
Sec. 22271 or [23]) in this section.
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Figure 4.7: An example of a localization map. 95 % confident localized area
at t =8 s, 10 s and 12 s are shown with the cyan, blue and violet contours,
respectively. The orange + (or x) at the left indicates the arrangement of the
detectors, and the orange star at the center of the contour is the epicenter.

As is the case of the SNR calculation, the localizability is investigated
around 10 seconds after the onset of the fault rupture. The source fault evo-
lution shown in Fig. B=3 is used here again, hence the following results at 10
seconds are valid for M,, > 7.3 as explained in Sec. BT

4.2.2 Localizability with different detector arrangements

First, the localizabilities of earthquakes with different arrangement of detectors
are compared to derive how dense arrays of detectors are required for sufficient
localization. In this subsection, four, five or six detectors are placed along
r = —90 km, —75 km< y < 75 km area with different arrangement. The
localization map is calculated for each arrangement. To show how the results
are expressed in this subsection, an example is shown in Fig. B70. The different
colors show the localized area at different times from the onset of the fault
rupture (t = 0); t = 8 s (cyan), t = 10 s (blue) and ¢t = 12 s (violet). If the
localized area is larger than 1000 km?, the contour is not shown for the ease
of viewing.

In the following simulations, the events are injected in —25 km< x < 75 km
and —75 km< 2 < 75 km area as shown in Fig. B8, and localization for each
event is simulated. As previous section, two focal mechanisms are investigated
here; a strike-slip earthquake (vs, 74, 7)) = (150°, 90°, 180°) and a dip-slip
earthquake (s, va, 7)) = (150°, 20°, 90°), where ~,, 74 and =, are strike, dip,
and rake angle defined in Fig. PZ3. The depth of the hypocenter is set at 20
km for the same reason as the previous section.



4.2. Localization 65

Distance [km]
o

2100 -50 50 100
Distance [km]

Figure 4.8: Epicenters of injected events (red stars) in the simulation.

Localization of strike-slip earthquakes

Fig. B9 show the localization maps of the strike-slip earthquake with four,
five or six torsion bars that are placed in + arrays and x arrays. Fig. E-10
shows the case that three pairs of + and X torsion bars are used (hereafter
this arrangement is called as “three-pair” configuration). The arrangement of
the detectors are shown with red 4+ or x in the figure. The localized area at 8,
10 and 12 seconds are plotted with cyan, blue and violet contour, respectively.
Each contour shows the 95 % confidence area in each Monte-Carlo simulation.
The contours are not shown when the localized area is larger than 1000 km?.
35 events were injected (Fig. BR), whose epicenters are also shown with red
stars in each figure. The localized area of each event is overlapped in the single
figure.

With four detectors (the top row in Fig. B9), the localized area is largely
distorted and the accuracy is not good at early times. Though five detectors
(the medium row in Fig. B) give better localizations, the localized area at
early time (t=8 s) is still not good at some points (e.g. (z,y) = (—25,£50)
km in the left middle panel of Fig. B79). By using six detectors, the detection
area is almost uniformly good. The error in y = £75 km is not a problem
when detectors are sequentially placed outside the simulation area (|y| > 100
km). Difference between the + arrangement and the x arrangement is not
qualitatively significant. The three-pair arrangement shown in Fig. B0 also
gives the similar localization maps as the six + or x arrangement of detectors.
In terms of a cost to build detector stations, the three-pair arrangement will be
a better choice since the number of stations is less. The localized area depends
almost only on the distance from the detectors, and there is no blind area in
this configuration.

Fig. 87110 shows the distance dependence of the localized area at 10 seconds.
The horizontal axis is the distance to the closest detector from each injection
point. The symbols and colors of the markers indicate the arrangements of the
detectors; the number of detectors and their orientations are specified in the
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Figure 4.9: Localization map for (vs, va, 7) = (150°, 90°, 180°) strike-slip
earthquake with various arrangement of detectors. Localized area at 8 seconds
(cyan), 10 seconds (blue) and 12 seconds (violet) after the onset of the fault
rupture are shown. The contours are not plotted when the localized area is
worse than 1000 km?. The localized contours for the events in Fig. ER are
overlapped in the single figure. The arrayed orange stars are the epicenters of
the injected events. The detector arrangements are shown with red 4+ or X,
which represents the orientation of suspended bars.
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Figure 4.10: Localization map for (s, v4, 7) = (150°, 90°, 180°) strike-slip
earthquake with three pairs of torsion-bar detectors.
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Figure 4.11: Localized area vs distance from the epicenter for different ar-
rangement of detectors at 10 sec after the onset of the fault rupture, for the
strike-slip earthquake. The horizontal axis is the distance to the closest de-
tector from each epicenter. The number and orientation of the detectors are
specified in the legend for each symbol. The black dashed line shows oc D
dependence which is simply expected from the distance dependence of gravita-
tional signal amplitude. The shaded area is below the resolution of simulation
grid, which is 1 km?.

legend. Since the signal amplitude is inversely proportional to D® as shown in
Eq. (2Z23), where D is the distance from the hypocenter, the localized area is
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expected to be proportional to D', which is the inverse-square of the signal-
to-noise ratio. The simulated localized area has similar dependence as this
expectation which is shown with black dashed line, hence the localizability
is almost determined by the signal-to-noise ratio. The localized area up to
about 120 km distance is below 100 km?, which is the minimum unit of the
current warning system based on seismic waves. Therefore the gravity strain
observation can localize the epicenter within 120 km with better accuracy in
10 seconds. Additionally, the localization time can be improved because it
takes about 17 seconds for seismic P wave to propagate 120 km distance.

The deviation between the detector arrangements is large at close distances
(< 120 km), while it is insignificant at distant points (~ 160 km). This will
be because not enough number of detectors can detect the signal with high
SNR when the epicenter is too close to the detector arrays. As the number of
detectors increases, the chance to detect signals is also enhanced hence higher
SNRs are available. Such difference is not significant for distant events which
are detected by almost all detectors, since three detector signals are sufficient
to identify the two free parameters in principle.

Localization of dip-slip earthquakes

Fig. @12, and show the localization maps for the dip-slip earthquake.
Though the localizability is worse than for the strike-slip earthquake, the trend
about the detector arrangement is similar. For the dip-slip earthquake, roughly
six arrayed detectors or three-pair arrangement are required for uniform local-
ization. The lower localizability than the strike-slip earthquake is mainly due
to the small amplitude of the gravity gradient signal as shown in Sec. E1. The
relatively weaker dependence on the azimuth for the dip-slip earthquake than
the strike-slip earthquake, which can be seen in Fig. B4 for the A, component,
will also contribute it. As shown in Fig. B14, the localized area is about 100
km? up to 110 km distance. This is not quite different from the strike-slip
earthquake, because of the strong distance dependence of the gravity strain
signal. As is the case of the strike-slip earthquake, the localization time is
shortened compared to the current warning system.

4.2.3 Requirement on presumption accuracy

In the previous subsection, the focal mechanism and the depth was fixed by
assuming that large earthquakes will happen along known faults. Here the
effect of presumption error about the focal mechanism or the depth is investi-
gated. The calculation flow is basically same as the previous subsection. Here
the template signal ratio is calculated for slightly offset parameters from the
injected event, to take into account the effect of mis-presumption. Then the lo-
calized position is systematically offset from the position of the epicenter. The
amount of offset is evaluated to derive the requirement on the presumption ac-
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Figure 4.12: Localization map for (vs, 74, ) = (150°, 20°, 90°) dip-slip
earthquake with various arrangement of detectors. Plot conditions are same
as Fig. B9.
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Figure 4.13: Localization map for (vs, 74, ) = (150°, 20°, 90°) dip-slip
earthquake with three pairs of torsion-bar detectors.
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Figure 4.14: Localized area vs distance from the epicenter for different ar-
rangement of detectors at 10 seconds, for the dip-slip earthquake.

curacy of focal mechanisms when preparing the template of signals amplitude
ratio.

Fig. B3 shows the systematic errors due to the presumption error about
the strike angle by 10 deg (red), about the dip angle by 10 deg (blue), about
the rake angle by 10 deg (orange), and about the depth by 20 km (green).
These presumption errors result in roughly 10 km error of localization within
the simulated area. In other word, the error of presumption needs to be sup-
pressed below 10 deg and 20 km for the focal mechanisms and the depth of the
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Figure 4.15: Localization error due to mis-presumptions of templates for a
strike-slip event (upper; (vs,7a,7-) = (150°,90°,180°)) and a dip-slip event
(lower; (vs,va,7r) = (150°,20°,90°)). The localized areas at 12 seconds are
plotted when the prepared templates are correct (black), or the parameters
are offset by +10° for v (red), —10° for v, (blue), —10° for ~, (orange) and
—20 km for the depth (green).
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hypocenter to determine the location of the epicenter in accuracy of 10 km.
It seems that the 10 deg accuracy is not quite hard since the geometries of
fault plane is given in the precision of a few degrees [[77]. However, statistical
research on actual faults and earthquakes is necessary to confirm this, which
is left as a future work.

4.2.4 Localization without presumption of focal mech-
anisms

Though the simulations above assumed the focal mechanisms and the depth to
be fixed and known in advance, it is possible to treat them as free parameters in
estimating the location of earthquakes. Here three focal mechanism parameters
are also included in the free parameter to investigate more general detectability
of earthquake. To save the computation cost, the depth of the hypocenter was
left to be fixed to 20 km. The calculation flow is the same as the previous
subsections.

Fig. 18 and E17 shows the localized area in this case for the strike-slip
event and the dip-slip event, respectively. The localized area is roughly three
times wider than the case when the focal mechanisms are treated as fixed
parameters (Fig. B0 and B13). The focal mechanisms can also be estimated,
though those parameters are not very important in terms of earthquake early
warnings. Therefore even if sufficient information on the focal mechanisms is
not available, the epicenter can be localized to some extent. Note that this is
just a case study, hence more general conditions should be investigated as a
future work.

4.2.5 Requirement on detector calibration

Since the signal amplitude ratio is used for the parameter estimation, cali-
bration error of the detectors directly affects the estimated parameters. Here
the effect of calibration error on the localizability is investigated to set a sre-
quirement on the detector side. The condition of calculation is the same as
Sec. B22; the focal mechanisms are treated as fixed parameters again. When
the detectors have calibration accuracy of 10 %, for example, the measured
signal amplitude ratio also deviates systematically by about 10 %. Hence the
epicenter can be localized to different points from the true epicenter.

Fig. B718 shows the contour of the template vector difference from the injec-
tion point of earthquakes. Each contour corresponds to the area of systematic
error due to the calibration error of 10 % (cyan), 3 % (blue) and 1 % (violet).
10 % error of calibration results in more than 15 km error of localization. To
localize the epicenter within 10 km accuracy, 3 % of calibration accuracy is
required for the detectors. This value is not difficult in usual experiments,
hence the effect of the calibration error will not be a serious problem in the
detection scheme used here.
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each figure on the right show the injected location and the fault parameters,
respectively.
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Figure 4.17: Parameter estimation for dip-slip earthquake without presump-
tions about focal mechanisms. The plot conditions are same as Fig. B183.
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Figure 4.18: Systematic localization error due to the calibration error of the
detectors for a strike-slip event (upper; (vs,va, V) = (150°,90°,180°)) and a
dip-slip event (lower; (vs,7va, V) = (150°,20°,90°)). Each contour shows the
case when the detectors has calibration uncertainty of 10 % (cyan), 3 % (blue),
and 1 % (violet).

4.3 Summary and discussion

Two topics have been investigated to realize a gravity-based EEW with TOBA.
The first topic is the difference between the types of detectors. The detectabil-
ity of earthquakes with TOBA that is sensitive to horizontal gravity strain
was first investigated in this work while the detectability with vertical grav-
ity gradient was calculated in the previous work [2]. The second topic is the
localizability of epicenters, which is important to consider an actual system
of gravity-based EEW. These topics were investigated at 10 seconds after the
onset of the fault rupture, which is suitable for the gravity strain observation
around 0.1 Hz.

Detectability of earthquakes with TOBA

For the first topic, three types of focal mechanisms were investigated, including
one vertical strike-slip earthquake and two reverse dip-slip earthquakes with
different dip angles, 10° and 20°. The detector sensitivity of 10~'° /v/Hz at 0.1
Hz was assumed in the calculation. The calculated signal-to-noise ratio (SNR)
distributions suggested that horizontal gravity gradient component is essential
for the strike-slip earthquakes, while vertical components are important for
the dip-slip earthquakes. For the strike-slip earthquakes, the total SNR of the
horizontal components is almost isotropic hence there is no preferred direction
for detection. Available SNR with the vertical components is about half of
the horizontal components in average. The dip-slip earthquakes show strong
azimuth dependence, and only vertical components have good SNR in the
direction to which the hanging wall moves (0° direction). However, the coast
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is in the opposite direction (180° direction) in usual cases, where the horizontal
and vertical components have similar SNRs. Therefore horizontal components
will have a good contribution in an actual warning system. These results
indicate that TOBA, which is sensitive to horizontal gravity strain components,
can play an important role in gravity-based earthquake detection. It is also
shown that the target sensitivity 10~'° /v/Hz of Phase-III TOBA is sufficient
for meaningful detection.

Localizability of earthquakes with arrayed TOBAs

Localization simulations with arrayed TOBA were also performed. The simu-
lations assumed the case that off-shore earthquakes are detected by an array
of detectors placed along the coastline. Again, the detector sensitivity of 1071
/ VHz at 0.1 Hz was assumed here. A generalized method of the proposed
localization way [[78], which uses the signal amplitude ratio between several
detectors, was adopted in this thesis. First we investigated the required num-
ber of detectors to localize the epicenter of the earthquake. Pairs of two TOBA
placed at 75 km space in the line will be a good arrangement, which can localize
the epicenter uniformly up to ~ 120 km distance. When the focal mechanisms
and depth of the hypocenter is known in advance, epicenter location of a strike-
slip earthquake can be well constrained in 10 seconds within 100 km? up to 120
km distance from the detector array. The localized area is about 2 ~ 3 times
wider for a dip-slip earthquake, and the localized area is below 100 km? up
to about 110 km distance. These results show that gravity strain observation
has better localizability than the current warning system using seismic waves,
which takes 16-17 seconds to propagate 110-120 km. The localizability with
less number of detectors is not uniformly good because the signal cannot be
detected by the sufficient number of detectors at some locations.

The localized point can be systematically offset if the presumed focal mech-
anism is different from the actual mechanism. To keep the systematic local-
ization error below 10 km, which is close to the statistical uncertainty of the
localization (~100 km? as mentioned above), the fault parameters have to be
known in the accuracy of 10 degrees. Though this requirement seems not very
hard, statistical investigation should be performed for actual faults, which is
left as a future work. Even if the information about focal mechanism is not
available in advance, those parameters can be estimated with the location at
the same time, though the localized area without those information is worsen
by ~ 3 times. Similarly, the calibration accuracy of the detectors should also
be below 3 % to suppress the systematic error below 10 km.

Though there may be better ways of localization, these results have demon-
strated the validity of at least one method. As mentioned at the beginning of
Sec. B2, the method used here does not require the information of the source
time function, which will be a primary advantage in the realistic detection.
These results will help us to design a concrete system of the gravity-based
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EEW. Note that the mechanisms of earthquakes were simplified to the point
source in a homogeneous medium. Though it has already been checked that the
analytical signal based on those simplified model provides good approximation
of the actual signal in the first few seconds, the effect of those simplification
on the localizability should be evaluated. Such an effect can be roughly tested
by localizing the signal of actual earthquakes with analytically prepared signal
templates. These things are left as future works.



Design of Phase-111
TOBA

As described in Sec. B3, following two things are the targets of Phase-III
TOBA :

e Detection of earthquakes using gravity gradient fluctuation
e Technical demonstration of noise reduction before large-scale TOBA

As confirmed in Sec. B3, the required sensitivity to detect earthquakes is 1071°
/vVHz at 0.1 Hz. In this chapter, the design of Phase-III TOBA to achieve
this target sensitivity is explained. First, an overview of the design is shown
in Sec. bl with the requirements on the system. Then the noise budget and
the cooling performance are evaluated in the following sections Sec. b2 and
Sec. B3, respectively. The required sensitivity 1071° / VvHz and the target
temperature 4 K are shown to be achievable with the proposed design.

5.1 Design overview

A designed configuration of Phase-III TOBA is shown in Fig. 6. It mainly
consists of the following three systems :

e A cryogenic suspension system
e A highly sensitive angular sensor using an optical cavity
e An active vibration isolation system

Details of each system are explained in this subsection.

5.1.1 Cryogenic suspension system

A cryogenic technique is essential for TOBA to suppress thermal fluctuations.
It is required for the cryogenic system to cool the suspended masses to 4 K
within acceptable time. The main difficulty in cooling the pendulum originates

7
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Figure 5.1: Configuration of Phase-IIT TOBA.

from the vibration introduction via the cooling components. That problem is
serious especially in a torsion pendulum which is sensitive to tiny forces. Ef-
fective heat extraction is therefore essential for the cooling system to minimize
the vibration transfer.

In this subsection, the configuration of the mechanical suspension system
and the actuator to control it is described first. Then the cryogenic equipments
and components are explained.

Suspension system

The suspension configuration and the parameters of the masses are shown in
Fig. B2 and Table B, respectively. The suspension system consists of five
masses, which are separated into two suspension sequences. Two test masses,
TM1 and TM2, are suspended orthogonally (Fig. B3) from the intermediate
mass (IM1), and the optical bench (OB) is suspended from another interme-
diate mass (IM2). Both of the intermediate masses are suspended from the
active vibration isolation stage. The horizontal rotations of the TMs are ex-
cited in the opposite direction to each other in response to gravity gradient
fluctuation. Such differential rotation is measured with the optics on the opti-
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Figure 5.2: Suspension configurations of Phase-III TOBA. TM suspension
series (left) and OB suspension series (right).

cal bench. Since OB is designed to have no quadruple moment, Yaw rotation
of OB is not excited by gravity gradient. The relative rotation between TM1
- OB and TM2 - OB are measured independently, then differential rotational
signal is calculated from them. Hence the rotation of OB can be largely can-
celed. At the top stage, the suspension wires for IM1 and IM2 are clamped on
the rotational stages, which are for the adjustment of the suspension torsional
angles. The angle of two TMs are adjusted by another rotational stages placed
on the IM1.

The test mass bars are made of oxygen free copper (OFC). High thermal
conductivity of OFC at cryogenic temperatures can suppress the temperature
inhomogeneity so that the distortion noise due to the differential temperature
fluctuation of the bar (see Sec. B277) is reduced. Additionally, copper has
small magnetic susceptibility, which gives an advantage in the magnetic noise.
Relatively high density is also good for external torque noise.

The suspension wires of TMs are made of silicon, which is known to have
very small loss angle ¢,, [79, 80] and high thermal conductivity [81] at cryogenic
temperatures. The thickness of the silicon wire is 0.25 mm in diameter, and
the required loss angle is ¢,, = 1078, Reported loss angles of silicon are 10~°
for a bulk [79], and 3x 1078 for a thin flexure [80] at cryogenic temperatures. In
general, thin wires are suffered from surface loss compared to bulk materials.
Therefore surface treatment is essential to achieve small loss in a thin wire.
Such research and development are currently ongoing for TOBA to improve
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Figure 5.3: Two test mass bars are suspended orthogonally.

the recorded loss angle 3 x 10~% by three times.

The other masses are suspended by CuBe (Beryllium copper) wires, which
have relatively small loss angle (~ 3 x 1077 for a bulk at 4 K [82]) and can
be treated easier. Since the fluctuations of IMs or OB are largely cancelled
in differential rotation signal of TMs, the loss angle of CuBe is sufficient in
TOBA. Additionally CuBe has much lower thermal conductivity [83], so that
the conductive heat inflow from the suspension stage into the IMs are reduced.

Coil-coil actuator

To apply a force on TMs for position controls, coil-coil actuators are attached
on TMs. The coil-coil actuator consists of a pair of coils, one of which is
attached on the control target (TM) and a drive current is applied to the
counterpart coil. Here we call these coils the mass coil and the drive coil,
respectively. When sinusoidal current is applied to the drive coil, generated
magnetic field induce the current in the mass coil at the drive frequency. The
induced magnetic moment interacts with the driven magnetic field, then force
is applied between the coils.

Consider the case as Fig. b4, when two coils are attached on the mass,
which are sandwiched with a pair of drive coils. Two mass coils are connected
each other. Each mass coil has a inductance of L and a resistance of Ry, and
the mutual inductance between the mass coil and the drive coil is M. Then
the applied force F. is given by

dM Wy

Foe=M
dr R} + w3iLd

(waLo(3 — i3) + 2Roiriz sin @) (5.1)

Here i1 and iy are the current amplitude of two drive coils, ¢ is the phase offset
between the drive currents, and wy is the angular drive frequency.
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Table 5.1: Parameters of suspension masses

parameter ‘ symbol ‘ value ‘
Test mass bar (TM)
material - Copper (surface oxidized)
length Ly 0.35 m
mass M, 4.2 kg
moment of inertia I, 0.056 kg-m?
surface area S 0.058 m?
Intermedaite mass 1 (IM1)
material - Copper (surface oxidized)
mass M; 5.0 kg
moment of inertia I; 0.046 kg-m?
surface area S; 0.069 m?
Optical bench (OB)
material - Copper (surface oxidized)
mass M 10.0 kg
moment of inertia Iy 0.24 kg-m?
surface area Sop 0.2 m?
Intermedaite mass 2 (IM2)
material - Copper (surface oxidized)
mass Mo 4.5 kg
moment of inertia I; 0.0634 kg-m?
surface area S; 0.085 m?
Ry
. Test Mass
i;sin(w, 1) irsin(wy1+¢)

Figure 5.4: A coil-coil actuator.

The specified parameters of the coils for TOBA are Ry = 14.0 € and
Ly = 3.28 mH. The mutual inductance and its gradient when two coils are
separated by 2 mm were measured to be M = 0.64 mH and % = 0.11 H/m,
respectively, for the wy/2m = 1 kHz. These are the values at room temperature.
Then the maximum drive force is about 0.2 mN at room temperature when 0.1
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A of drive currents are applied. The electrical wire for the coils are made of pure
copper to reduce the resistivity at cryogenic temperatures for the reduction of
heat generation. Though the change of the resistivity affects the drive force at
cryogenic temperatures, the same order of the force is expected to be available
as the room temperature, because the first term of Eq. (B) is not changed so
much when Ry < wglyg.

The coil-coil actuator has two primary merits in using for TOBA. One
is a low magnetic noise, because the induced magnetic moment oscillates at
the drive frequency and the averaged moment is zero. This enables to reduce
the coupling with environmental magnetic field fluctuation which grows at
low frequency. Another merit is adjustability of the actuator efficiency for the
reduction of actuator noise. The electrical noise contained in the control signal
of the actuator becomes the force noise through the actuator. By changing the
applied current amplitude i, or iy, the coupling from electrical noise can be
optimized remotely.

Cryocooler

A pulse-tube cryocooler SRP-082B2S (Sumitomo Heavy Industries, Ltd.) is
used for cooling since this type of a cryocooler is known for low vibration. The
cryocooler is set behind the vacuum chamber, and the housing is built indepen-
dently to the chamber. The cooling head is connected to the radiation shields
in the vacuum chamber with a pure (5N) aluminum rod. At the connection
points, flexible thermal links are used to isolate the vibration. The cryocooler
consists of two cooling stages, each of which is cooled to 50 K (1st stage) and
3 K (2nd stage), respectively. The specified cooling ability is 35 W at the 1st
stage, and 0.9 W at the 2nd stage.

Radiation shields

The suspension system is surrounded by two radiation shields to block the
thermal radiation from the room temperature parts. The outer shield (1st
shield) and the inner shield (2nd shield) are connected to the 1st stage and the
2nd stage of the cryocooler, respectively. Each shield is cooled to 50 K (1st
shield) and 3.5 K (2nd shield). Without the suspension system, the shields
reach these temperatures in two days. The 1st shield is made of aluminum, and
the 2nd shield is made of oxygen free copper. The material of the 2nd shield
was chosen to have high thermal conductivity so that temperature deviation
among the shield is minimized. Black alumite plates are attached on the
inner wall of the 2nd shield to improve the emissivity, which is required to
accelerate the cooling speed. The outer surface of each shield is covered with
super insulator made of multi-layer aluminum deposited films to reduce the
radiative heat inflow to the shield. The temperature rise against applied heat
(heat load capacity) was measured to be 3.5 K/W.
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Figure 5.6: A configuration of laser injection port.

The shields have two holes for the suspension wires and the laser beam.
The configuration of the shields around each hole is shown in Fig. 6 and 6.
The solid angle of the 300 K part viewed from the 2nd shield is designed to be
sufficiently small to reduce the thermal radiation from there.
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Figure 5.7: Oxidized test mass bar

Surface oxidization of suspension masses

The surface of the suspension masses made of copper are oxidized to accelerate
the radiative cooling. Radiated energy from a body with surface area of S at
temperature 7' is determined by Stefan-Boltzmann law as follows:

Qraa = €(T)oT"S. (5.2)

Here 0 = 5.67 x 1078 Wm 2 K™ is Stefan-Boltzmann constant, and ¢(T') is
a total emissivity of the surface of the body. Total emissivity is defined as
the radiative energy ratio of the body to an ideal blackbody, hence it takes a
value between 0 and 1. In a high vacuum, thermal radiation is a dominant
path of heat extraction at high temperatures (2 100 K) because of the strong
temperature dependence: oc T*. Therefore the high emissivity is essential for
effective cooling at the initial cooling phase.

Heavily oxidized copper is known to have a high emissivity, which is ~ 0.6
[84]. Though there are other high-emissive materials such as black alumite (e ~
0.8) or sapphire (e ~ 0.5 [85]), copper is chosen here because of the advantages
in density, thermal conductivity and magnetic property, as mentioned above.
Sapphire was excluded because non-metallic materials can be suffered from
electrostatic force due to charge on the surface. The suspension masses are
heated in a muffle furnace (in air) at 800 °C for three hours for oxidization.
About 170 pm of oxidized layer is formed on the surface. Fig. b= shows the
appearance of the oxidized test mass bar. For a safety margin, emissivity of
0.5 is set as the design value of Phase-1I1 TOBA.

Heat link (pure aluminum wire)

Below 100 K, conductive cooling becomes a dominant path since radiative heat
transfer decreases as oc T%. In order to improve the conductive cooling, the



5.1. Design overview 85

10* pmm L s N
g = = ’4, - >
g '/ “ \
210 -~ N
Z\‘ - NN \\
.; SN \\
S, N
g 10 »
5 —
g = | == KAGRA heatlink
é 10 — === TOBA design -
=== Silicon
— = CuBe
0 / |
10, o T 2
10 10 10

Temperature [K]

Figure 5.8: Thermal conductivity of a pure aluminum heat link and suspension
wires. The measured value for KAGRA (dashed grey) and design value for
TOBA (red) which is the half of KAGRA’s one below 100 K. Pure silicon [81]
(blue) and beryllium copper [83] (green) are also plotted.

suspended intermediate masses (IM1 and IM2) and the 2nd shield are con-
nected by heat links. Heat links are also set between IM2 and OB because
some components on OB generates heat. As depicted in Fig. b or b4, heat
links from IMs are once attached to the heat link stage, then connected to the
2nd shield. The heat link stage is rigidly fixed to the active vibration isola-
tion stage by insulation rods made of GFRP (Glass fiber reinforced plastics),
which has a thermal conductivity of 0.091 W/m/K at 4 K. Thus the vibration
introduction via the heat links are suppressed at this stage. The system of the
active vibration isolation stage which will be explained later.

The heat links are made of stranded ¢0.15 mm pure aluminum (6N, 99.9999%)
wires, which are the same one as used for KAGRA. Pure aluminum has high
thermal conductivity at cryogenic temperatures, therefore it can extract heat
effectively without introducing significant vibrations. Thermal conductivity at
cryogenic temperatures is determined by the purity of metal. The experimental
relation below 30 K is known as [R6]

1

= _ 11 _1’
1.8 x 10 7T2—|—WT 1

ka(T) (5.3)

where the residual resistivity ratio RRR = Rspox/ R4k represents the purity.
High RRR gives high thermal conductivity at cryogenic temperatures. The
heat links for KAGRA has RRR = 3570, and its thermal conductivity is

shown in Fig. BR. As a pessimistic assumption, half of the conductivity of
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Figure 5.9: A schematic design of the optical system

the KAGRA heat link is assumed below 100 K for the design of TOBA. The
design conductivity is also shown in Fig. B=R.

The bending spring constant of N heat link wires is given by 3w N Ex1d*/(6413),
which is derived from elastic deformation of a cantilever. Here FEj;, d and [
are the Young’s modulus, diameter and length of the wire. In our case, an
expected spring constant of the stranded heat link (¢0.15 x 100mm x 14) is
0.073 N/m. This small spring constant can reduce the vibration introduction
to the suspension masses.

5.1.2 Optical system

A schematic design of optical system is shown in Fig. h. Laser beams are
introduced from the optical table outside the vacuum chamber into the optical
bench inside the cryostat. There are three parts of the system for each TM;
a highly sensitive wave front sensor for the main sensor of rotation, an optical
lever as an auxiliary monitor, and a beam jitter control system.

Highly sensitive wave front sensor

In order to reduce the quantum shot noise, an angular sensor using an optical
cavity is used to measure the rotation of TM. The detailed principle of this
new sensor is explained in Appendix B. Here the overview of the sensor is
briefly summarized.

Fig. b0 shows the overview of the principle. The target is to measure the
tilt of the mirror which is fixed on TM. The basic principle is the amplifica-
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Figure 5.10: A principle of a wave front sensor using coherent amplification of
angular signal HG;y mode.

tion of the cavity. An optical cavity can amplify the input field by coherently
stacking the sequence of reflected beams between the cavity mirrors. In an
usual usage of a cavity, only the fundamental mode of the laser beam (HGgg
mode; see Appendix B for the Hermite-Gaussian modes) is amplified. There-
fore the other modes including the angular signal components remains to be
small. However, by choosing a proper configuration of the cavity, the angular
signal component can be amplified. This kind of angular sensor was recently
proposed by the author.

Consider an input HGgy mode with an amplitude of F;3, which is then
amplified to E. inside the cavity. As shown in Fig. B0, when one of the
mirror is tilted, a fraction of the intra-cavity HGgy mode is converted into
HG1y mode which has asymmetric profile. The generated HG;y mode is again
amplified by the cavity, and transmit from the cavity. It is then detected as
the displacement of the beam by the quadrant photo diode (QPD) outside the
cavity. From the calculations in Appendix B, the transmission field amplitude
for HGgg and HG1y modes are given by

t1t2€i¢c/2
By = 2 g 5.4
10 1 — ryrgeite (54)
Ey ~ 12 125 wobE; (5.5)

(1 = ryrgeide) (1 — ryrgei@etee))

where A, wy are the wavelength and the beam radius of the beam at the tilted
mirror. t; and r; are the amplitude transmittance and reflectivity of each
mirror. ¢. and (. are the round-trip phase of the laser and the Gouy phase of
the cavity, respectively. When both of the resonance conditions ¢. = 27n and
(. = 2mm (n,m : integer) are satisfied, the transmission field is written as

tito F
Eoy = 1; E, (5.6)
21ty F?
Eﬂ = — L wothio, (57)

TA
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where the finesse F is defined as F = w\/rir2/(1 — rir2) ~ 7/(1 — r172). The
phase difference of these components gradually evolves with Gouy phase of
the beam during the propagation to the QPD. The maximum angular signal
is available when the phase difference goes to be 7/2 and the phases of HGgg
and HGyp modes are aligned. Then the difference of the power between the
left (A+B) and the right (C+D) segments of the QPD in Fig. 510 is

00 0 0 o]
AP(G) = EtOEtl (/0 de/_ UgoU10 —/_ dl’/_ UOoul[))

2 tta F\?

(Y o9
2

~ \/;Tﬂfwoe. (5.9)

titoF/m ~ 1 is used in the last step, though it depends on the choice of
transmittances in general. P; is the input laser power of the cavity. As apparent
from Eq. (69), high input power, high finesse and large beam radius gives
larger angular signal. For Phase-III TOBA, the designed values for those
parameters are P, = 50 mW, F = 300 and wy = 3.5 mm. These values are
chosen to suppress the quantum noise and the mirror thermal noise sufficiently,
while keeping the heat inflow on TM sufficiently small.

The Gouy phase of the cavity is determined by the geometry, such as the
radius of curvature (RoC) of the mirrors and the length of the cavity. Here
the Gouy phase (. is set to 27 to resonate HG;y mode by folding the beam
with a curved mirror as shown in Fig. BM, which is referred as a “folded
cavity configuration” in Appendix B. As an optional choice, the Gouy phase
is set independently for HGy and HGy; modes to avoid the resonance of HGg;
mode. This is because small horizontal rotation of the bar is measured via
HG1y mode under much larger vertical rotation which appears as HGg; mode.
The difference between the Gouy phases of two modes are adjusted by the
folding angle ay. The RoC of the folding mirror Ry is then seen as Ry cosay
from HG;¢ mode and R/ cos oy from HGg; mode, which result in Gouy phase
difference. In the design, Gouy phase for the two modes are set to 27 and
1.87, respectively.

The length of the cavity is sensed by PDH method [87]. The phase of the
input laser is modulated at 15 MHz, then the reflection signal measured by
the RFPD (Radio-frequency photo detector) is demodulated to gain a linear
signal of the cavity length. The length signal is fed back to the actuators on the
cavity mirror and the input laser frequency to stabilize the length fluctuations
to keep the cavity on resonance.

Optical lever

Optical levers (Oplev) are used as auxiliary sensors. An optical lever is a
simple sensor which measures the displacement of laser beam reflected by a
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Figure 5.11: A block diagram of the beam jitter control.

tilted mirror. As shown in Fig. 659, the splitted beam is sent to the mirror on
TM, then reflected to the QPD. The amplitude of signal is given by

8 d
APgpiev(0) = PQPDﬁ@Q (5.10)

where Popp and wqgpp are the laser power and beam radius at the QPD,
respectively, and d is the distance between the mirror and the QPD. Though
the signal is smaller than the high sensitive wave front sensor, the optical lever
has wider range, therefore it is suitable for auxiliary rotational monitor.

Beam jitter control

Since the laser beam is sent to the suspended OB inside the cryostat, the
relative position of the beam and OB is not stable due to the vibration of OB
or the fluctuation of air around the optical table. To keep the relative position
to be stable, the beam jitter is monitored by two QPDs on OB (QPD1 and
QPD2 in Fig. BM). The signals from the QPDs are then fed back to the
piezoelectric (PZT) actuators attached on the mirrors on the optical table. By
fixing the beam position at two QPDs, the laser beam is fixed to the optical
bench.

A block diagram of the beam jitter control is shown in Fig. 6511. Under
this control loop, the beam jitter z;j; is suppressed to

Tjit
1 + SqppFjitApzr

(5.11)

Tiit,res =

where Sqpp, Fjix and Apyr are the efficiency of the QPD, the control filter and
the PZT actuator, respectively. The product of them Gjix = Sqpp FjisApzr is
called the open-loop transfer function. At the frequencies where Gji; > 1, the
fluctuation is suppressed by Gi;.
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Figure 5.12: Sensors for active vibration isolation system; the geophone L-4C,
the photo sensor and the tiltmeter.

5.1.3 Active vibration isolation system

In order to suppress the vibration of the ground, active vibration isolation
system (AVIS) is implemented at the suspension stage. AVIS is a feedback
stabilization system using inertia sensors and hexapod actuators. Some auxil-
iary sensors are also used to compensate the frequency response of the sensor.
This system for TOBA were first designed by A. Shoda [74], then upgraded
by S. Takano. The overview of the system is briefly explained here.

Sensors

Geophones (L-4C; Sercel) are use to measure the motion of the suspension
stage relative to the inertial frame. The geophone used here consists of a
magnet mass and a spring as shown in Fig. BT2. The relative velocity between
the suspended magnet and the coil fixed on the stage induces voltage on the
coil, which is measured as a vibration signal. The transfer function from the
displacement of the stage to the output voltage is given by

) -
v mif (5.12)
Ly

=V O =

where Sy ~ 250 V/(m/s) is the velocity sensitivity of the geophone, fy ~ 1
Hz is the resonant frequency of the magnet, and ) ~ 1.8 is the Q-value of the
spring.

Since Eq. (612) decreaces with f2 below f,, the geophones cannot measure
the motion at low frequency. This can result in low-frequency noise introduc-
tion such as long-time drift of the table beyond the range of the actuators. To
avoid it, photo sensors are used for low-frequency control. The photo-sensor
measures the relative distance between the table and the ground through the
change of reflected LED light power (Fig. 5I2). Therefor it does not work
to suppress the vibration relative to the inertial frame, but just suppress the
drift at low frequency.
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Figure 5.13: Control loops of the active vibration isolation system (AVIS). The
left loop is the control of translation, the right loop is the control of tilt.

Another problem of the geophone is coupling from the tilt of the table.
When a geophone for the horizontal measurement is tilted, gravitational force
displaces the suspended mass along the axis of the geophone and induces a
signal voltage. The axial acceleration is given by gé/w2 where g and 6 is the
gravitational acceleration and the tilt angle of the stage, respectively, hence
this coupling becomes serious at low-frequencies. This coupling is suppressed
by using a tiltmeter shown in Fig. bT2. The suspended pendulum works as a
inertial reference, then the tilt of the ground (table) is measured by the optical
lever. Using the signal of the tiltmeter, the tilt fluctuations of the suspension
stage is suppressed by control to reduce the coupling to the geophones.

The geophones and the tiltmeter are implemented as Fig. bl. The photo
sensors are placed at the base stage of the hexapod actuators, and the relative
displacement to the suspension stage is measured with them.

Actuators

Piezoelectric (PZT) actuators P-844.60 (Physik Instrumente (PI) GmbH &
Co. KG) is used for moving the position of the suspension stage. It has an
actuation range of 90 ym with 100 V of input voltage range. Six actuators are
placed in a hexapod configuration so that they can actuate the table in any
degrees of freedom. Due to the large electrostatic capacity of the PZT, the
frequency range is limited below few tens of Hz, which is enough for the target
frequency of AVIS.

Control loop

The control loops of AVIS is shown in Fig. BT3. The loops are separated into
the translational control loop and the tilt control loop. The main target is
the translational control, while the tilt control is essential to realize the trans-
lational control. In a similar way as the beam jitter control, the fluctuation
of the ground is suppressed by the open-loop transfer functions. The target
vibration levels are shown in the next section.
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Figure 5.14: Design sensitivity of Phase-IIT TOBA

5.2 Noise budget

Fig. B4 shows the designed noise budget of Phase-III TOBA. The graph
shows the spectrum around 0.1 Hz, which is important for the detection of
earthquake [2]. The total noise level is 10~'° /v/Hz at 0.15 Hz, or equivalently
5 x 107'% rad/+/Hz in unit of rotational angle of the bar. This is designed to
meet the requirement to detect earthquakes as confirmed in Sec. E=3. Here
requirements on these systems are summarized in Table. b2. The details of
the calculation are described in the following subsections.

5.2.1 Suspension thermal noise

As mentioned in the previous section, silicon wire is planned to be used for
Phase-IIT TOBA. Using the Young’s modulus and the Poisson’s ratio of silicon,
which are Eg; = 193 GPa and rg; = 0.28 respectively, the torsional spring
constant of the wire and the resonant frequency are
1 Ky

— = 9.1 mHz. (5.13)

Fw = 1.8 1074 N - m/rad, fo= > i

Then Eq. (B220)) is calculated to be

~ TNz [ ¢
-~ 16 w
Sthsus(f) = 8.1 x 107" x (4 K) <1O—S>

or twice of this value in unit of gravitational wave strain amplitude h, according
to Eq. (B13) and (BI3).

[

<0.1sz> E rad/vHz, (5.14)
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Table 5.2: Requirements on the system of Phase-III TOBA

Parameter ‘ Requirement ‘
Test mass bar(s)

Mass M, 4.0 kg

Moment of inertia I, 0.056 kg-m?

Loss angle ¢y 107°
Cryogenic suspension system

Temperature T’ 4.2 K

Loss angle of the wire ¢,, 1078

Temperature fluctuation of the bar /Sy <107 K/vHz
Vibration isolation system

Translational vibration /Sy trans 107" m/v/Hz at 0.1 Hz,
) 1071 m/v/Hz at 1 Hz
Cross-coupling transfer function H, 107 rad/m at 0.1 Hz

Rotational vibration ,/Sg ot 10719 rad /v Hz

Passive vibration isolation (rotational) H,, | 107¢ rad/rad at 0.1 Hz
Rotational common-mode rejection Coygr | 1073
Optical system

Input power P, 50 mW
Finesse F 300
Loss angle of mirror substrate ¢, 1x10°8
Loss angle of coating ¢, 5x 1074
Residual gas pressure Py, 107" Pa

In the calculation above, Eq. (B220) was divided by v/2 because gravity
gradient torque is applied to two TMs in the opposite direction while the noise
is independently random for them. The same factor is also used in the following
calculations.

5.2.2 Mirror thermal noise

Assuming the substrate of the mirror on TM is made of sapphire, the material
parameters in Eq. (B3X8) are F, = 335 GPa, v, = 0.28 and ¢, = 107® for
the substrate. Silica-tantala coating is assumed for the coating layer, whose
parameters are set to E, = 100 GPa, v, = 0.17 and ¢, = 5 x 107*. The
averaged values of the silica and the tantala are used for the Young’s modulus
and the Poisson’s ratio. The loss angles are based on the literature [88] which
summarizes the previously measured parameters. It reports 2 x 107 of the
loss angle for sapphire, and 2 x 10~ for tantala coating. Slightly worse values
are required here for TOBA. The thickness of the coating layer is set to 8 um,
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which corresponds 30 layers of A\/4 coatings.
Then Eq. (B358) is calculated to be

1

S mir(f) = 8.0 x 107'% x <4TK)% (1?8*3); (3 5wr(illfn)g < fH ) 5

TN (¢ %
1.9 x 10716 ( ) c
I “\1xK) \5x10¢ 3 5 mm

rad/v/Hz.

M\»—‘

i)

Hence the mirror thermal noise is dominated by the contribution from the
coating layer.

5.2.3 Bar thermal noise

TM is a dumbbell-shaped bar whose geometry is 350 x 40 x 30 mm bar with
additional 60 x 40 x 20 weights at both ends. Here it is approximated to
350 x 40 x 40 rectangular shape to calculate the bar thermal noise. TM is
made of copper hence the Young’s modulus is £, = 128 GPa. The second
eigenfrequency (Eq. (8224)) is 4 kHz. Assuming the loss angle of ¢, = 107°,
the bar thermal noise is

S

Sehpar(f) ~ 2.5 x 10717 x <4TK)2 (13)”5)2 (0.1sz>_ rad/vHz, (5.16)

which is not significant in Phase-IIT TOBA.

5.2.4 Quantum noise

Around 0.1 Hz, the mechanical response Eq. (BI8) can be approximated to
X(f) = 1/I(27 f)?. Then the quantum noise Eq. (BZ2) is given by

1

X P, 3 FN\! w -1
Sevantam () =~ 2.4 x 10716 ( : ) () ( 0 )
avantum (f) % “\50 mw 300 3.5 mm

- P. \:/F w o\
98107 < (r50) " (500) (53 )
98X “\50mw,/) 300/ \35 mm/ \ 0.1 Hz

rad/vHz. (5.17)

The radiation pressure noise is not large, while the shot noise dominates the
overall noise above 0.2 Hz as shown in Fig. BT4. The requirement on the
optical parameters P;, F and wy are therefore determined by the shot noise
level.
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Figure 5.15: Transfer functions from the translation of the suspension point
and the translations and rotations of the pendulum.

5.2.5 Translational seismic noise

Seismic cross-coupling noise

As explained in Sec. BZX3, translational seismic vibration is transferred to
the rotation through the tilt of the system. Below the resonant frequency
of the pendulum (~ 1 Hz), the transfer function to Pitch/Roll rotation is
given by H p(r) =~ w?/g, because the horizontal acceleration of the ground &,
act like changing the direction of gravity by § = i,/g. In Phase-III TOBA,
the tilt angle @p(gr) is required to be suppressed below 1078 rad. For the
translational vibration of the ground, the requirement on the active vibration
isolation system is set to 10~7 m/v/Hz at 0.1 Hz. The resulting noise level is

S,
+/Seis.trams ~ 4.1 x 10717 x ( PPE) ) ( VS )rad/\/Hz. (5.18)

10-8 rad/ \ 107 m/v/Hz

The seismic cross-coupling noise in the actual system is plotted in Fig. b4
with H p(r) calculated from the designed pendulum parameters. The small
tilt angle of TM is planned to be achieved by control with tilt sensors and
actuators. An optional choice is to sense the tilt using the cross-coupling
signal itself at a certain frequency.

Nonlinear vibration transfer

As explained in Appendix @, the seismic vibration around the resonant fre-
quencies of the translation or Pitch/Roll rotations of the pendulum (typically
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~ 1 Hz) is nonlinearly down-converted to the noise in the horizontal rotation.
To suppress the nonlinear vibration transfer, vibration isolation down to 10~1°
m/Hz is required at 1 Hz to the active vibration isolation system in Phase-II1
TOBA. With this vibration level and the transfer functions of the pendulum
which are shown in Fig. BIH, the nonlinear vibration noise Eq. (BZ32) is
calculated to be

-2
/SseisNL == 4.1 x 10717 x ( / ) rad/v Hz, (5.19)

0.1 Hz

which is plotted in Fig. BT4. The contribution is not ignorable around 0.1
Hz, therefore the active vibration isolation at 1 Hz is essential for Phase-III
TOBA though it is out of the main observational frequency.

5.2.6 Rotational seismic noise

From the moments of inertia of TMs and IM1 listed in Table 6, and the
parameters of the suspension wires shown in Fig. b2, transfer function about
the horizontal rotation from the ground to TM is calculated to be Hy =
1.4 x 1073(f/0.1 Hz)~* around 0.1 Hz. The rotational seismic vibration have

not been directly measured, then here it is assumed to be /Sy ot (f) ~ 10710
rad/vHz below 0.1 Hz. Then the rotational seismic noise is

—4

Smrot(f) = 7.2 x 10717 x (OfS{RSR) (0.1f HZ) rad/VHz.  (5.20)
Here the common-mode rejection ratio is assumed to be Coyrr = 1073, which
corresponds to 0.05 % difference of the resonant frequency. Hence careful ad-
justment of the moment of inertia is required in Phase-III. Optionally, common
rotation of two TMs can be used for the feedback control of the vibration at
the suspension point.

5.2.7 Residual gas noise

The cryostat is required to be evacuated to 10~7 Pa to suppress the residual
gas noise. Here we assume that the residual gas is composed of water molecules
whose mass is m,, = 3 x 10726 kg. The side area and the length of the bar is
Ay =0.012 m? and L, = 0.35 m, then the residual gas noise Eq. (B233) is

P T \i
~ —16 vac
Sen(f) = 1.6 x 10716 x (107 Pa) (4 K) rad/v/Hz. (5.21)

The cryopump effect helps to achieve the degree of vacuum.
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Figure 5.16: A schematic diagram of cooling method.

5.3 Cooling performance

The suspended masses are designed to be cooled down to 4 K by thermal
radiation from the surface and thermal conducting via the wire or the heat
links. The cooling flow is summarized in the schematic diagram Fig. BI8.
Conductive heat transfer and radiative heat transfer is expressed as the solid
arrows and the dashed arrows, respectively. Heat conduction happens between
the connected masses. Though thermal radiation can transfer the heat to any
masses in principle, here the masses are basically assumed to exchange heat
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by radiation only with the 2nd shield, for simplicity. As an exception, thermal
interact between 30% of the TM surface and OB is taken into account, since
the bottom surface of TM is close to OB.

The conductive heat transfer from T part to T, part via a thin wire is

T =15

Qcond(Tla TQ) = Rw y

(5.22)

where R, is a thermal resistance of wire. Between 77 part and 75 part, R,, is
given by

Ru(Ty, Ty) = jfu (/TT kw(T)dT>_ , (5.23)

where k,(T), A, and [, are the thermal conductivity at T, the cross section
and the length of the wire, respectively.

The radiated energy from a surface of a mass is given by Eq. (62). In an
actual system, however, the total energy transfer is affected by the surrounding
materials due to the radiation from it and the reflection of the thermal radiation
from the mass. The total heat transfer between a mass (at temperature of T,,)
and the surrounding shield (at temperature of Ty) can be expressed as

Qrad(Tma Ts) - Uﬁeffsm (T;yll - T54) 5 (524)

where S, and S, are the surface area of the mass and the shield, respectively.
The effect of the shield is included in the effective emissivity e.g. It is affected
by the geometry of the system, hence the exact value is given by a ray-tracing
simulation. For a simple case when the mass and the shield has spherical
shapes and the thermal radiation is reflected to a random direction at the
surface (diffusive reflection), €. can be approximated to

-1

€oft = (;n + i’” (61 — 1)) , (5.25)
where €,, and €, are the emissivity of the mass and the shield, respectively.
Under the condition of diffusive reflection, only small fraction of the radiated
rays from the mass are reflected back to the mass. This holds for our case be-
cause the suspension masses have rough surfaces. Hence Eq. (5223) is adopted
to approximate the radiative heat transfer here.

Using Eq. (622)—(6228), the total cooling time of Phase-I1II TOBA is cal-
culated as Fig. bI7. The amount of heat transfer in TM and IM1 are also
shown in Fig. BI8. TMs are designed to reach to 4.2 K in 14 days. The
heat load capacity of TM is about 7.5 x 10°> K/W. Here the incident heat QT
is assumed to be 0.03 mW, which corresponds to 550 ppm absorption of 50
mW input laser. For a sapphire mirror used in KAGRA, absorption in the
substrate is measured to be 43.4 ppm/cm [89]. This satisfies the absorption
requirement since the thickness of the mirror for TOBA is around 1 cm. Inside
the optical cavity for angular sensing of TOBA, the input power is amplified by
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F/m ~ 100. Therefore the intra-cavity absorption has to be less than 5.5 ppm.
This is a feasible value compared to the measured absorption for silica-tantala
coating, which is less than 1 ppm [37].
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Figure 5.17: Designed cooling curve of Phase-IIT TOBA.
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Experimental
Results of Cryogenic
Prototype

Experimental results on the cryogenic system of TOBA is reported here. The
purposes of the experiment are

e Demonstration of the cryogenic technique in a large-scale torsion pendu-
lum

e Investigation of noise performance of a cryogenic torsion pendulum

Since there have been no research on a large-scale cryogenic torsion pendulum,
this work is an essential step for the development of Phase-III TOBA. The
experimental demonstration is important to confirm that the components in
the designed system work correctly, and to check the effect of changes in the
material properties on the performance of the detector.

For those purposes, a simplified setup of Phase-III TOBA is constructed
and tested. The configuration of the setup is explained in Sec. 6. Charac-
terization of component properties and evaluation of cooling performance are
described in Sec. B2 and B33, respectively. Then the suspension control under
the cryogenic temperature is explained in Sec. B4. The noise performance is
investigated in Sec. BA.

6.1 Setup

The setup for the experiment here is shown in Fig. Bl It is close to the
designed system of Phase-III TOBA. The main differences from the design of
Phase-III are as follows:

e The silicon suspension wire is replaced to a CuBe wire and heat links
(¢0.15 x 100mm x 3).

e Optical levers are used to measure the rotation of the bars.

101
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Figure 6.1: An experimental setup for the demonstration of cryogenic system
performance for TOBA. This is a simplified configuration of Phase-IIT TOBA.
The main differences from Phase-I1I1 TOBA are emphasized with red boxes.

Other parts such as the suspended mass configuration are almost identical to
the design in Phase-III TOBA. Two test mass bars (TM1 and TM2) are or-
thogonally suspended from an intermediate mass (IM1). Optics for the optical
levers are constructed on the optical bench (OB) which is suspended from an-
other intermediate mass (IM2). Both of IM1 and IM2 are suspended from the
active vibration isolation stage. The amount of the heat links is also same as
the configuration of Phase-III TOBA, which is shown in Fig. b18. IMs were
damped with Sm-Co magnets placed on the heat link stage.

The analog electrical signals were converted to digital signals, and stored
in the digital system. The input voltage range, the resolution and the sam-
pling frequency were £20 V, 16bit and 4096 Hz, respectively. Some of them
were then digitally filtered and converted to analog signals again for feedback
controls.

Using this setup, the following things were experimentally investigated;

e A performance of the designed cooling system
e A behavior of the torsion pendulum under cryogenic temperatures

The results are shown in the following sections.
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Figure 6.2: Pictures of the experimental setup; an overview picture (upper)
and the details inside the cryostat (lower).
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Table 6.1: Measured parameters and requirements of the components.

’ parameter ‘ unit ‘ measured ‘ designed ‘
emissivity of CuO - 0.54 @ 300 K 0.5
0.41 @ 150 K 0.5
thermal conductivity | [W/m/K] [ 1.3x10*@ 11 K | 1.0 x 10*
of heat link 5.9 x 10 @ 4.8 K 7.4 x 103
spring constant [N/m] 0.080 0.073
of heat link (¢0.15 x 100mmx14)
remnant magnetic [A-m? 5x107° -
moment of TM bar @4 K

6.2 Component characterization

First, in order to confirm the properties of the cryogenic components used in
Phase-IIT TOBA, the important parameters of the coomponents were mea-
sured. The same components were also used in the experiments in this thesis.
The evaluated parameters and the requirement in Phase-III TOBA is summa-
rized in Table. B. The details of the measurement process are described in
the following subsections.

6.2.1 Emissivity of oxidized copper

Total emissivity of the oxidized copper, which determines the initial cooling
speed, was measured using 150 x 30 x 30 mm sample bar surrounded by 250 x
250 x 150 mm box. The sample bar is suspended with a thin wire as Fig.
633, and the temperatures of the bar and the box were measured with silicon-
diode thermometers. From the temperature change of the bar when the box
is cooled, heat transfer by radiation can be measured, which is then converted
to the emissivity of the bar. The sample bar was oxidized by heating in a
muffle furnace at 800 °C for three hours in air, which is the same way as the
test mass of phase-III TOBA. The surface of the box was chemically oxidized
using oxidant. The chemical treatment was done by Yahata-seito Industrial
Company, and the detailed process was not opened.

As indicated in Eq. (5223), the directly measured emissivity is the effective
value which is affected by the surrounding box. Hence the emissivity of the
heat-treated oxidized surface was evaluated in the following two steps. First,
the emissivity of the chemically oxidized surface €cyo chem (1) Was characterized
as a reference by using the box and another sample bar, both of which was
chemically oxidized. In this case, the measured emissivity is given by

1 Sbar 1 -
€mens(T) = 1 1 : 6.1
( ) <ECuO7chem(T) Sbox (ECuO,Chem(T) )) ( )
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Figure 6.3: A schematic diagram of the measurement setup of emissivity. The
emissivity was calculated from temperature change of the bar and the box
when the box is cooled down to 100 K.
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Figure 6.4: Measured emissivity of the heat-treated CuO (blue) and chemically
oxidized CuO (green). The heat-treated CuO satisfies the required emissivity
(dashed black) above 200 K, while the emissivity slightly degrades for lower
temperatures.

because the bar and the box has a common emissivity. Emissivity of the chem-
ically oxidized surface €cuo chem(7’) is then calculated from €pens(7”) with the
surface area ratio Spa/Spox. Second, the same measurement is repeated by
replacing the chemically oxidized bar to the heat-treated oxidized sample bar.
The measured emissivity is converted to the emissivity of the heat-treated oxi-
dization surface €cyo heat(7') using Eq. (B23) wtih €cuo chem(7") and Spar/Sbox.
by the following equation:

1 Sbar 1 !
€meas T)= + -1 ’ 6.2
( ) <€Cu0,heat (T) Sbox ( €Cu0,chem (T) ) > ( )
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Fig. 64 shows the measured temperature change and the calculated emis-
sivity. The temperature dependence was measured down to 150 K, where the
radiation has dominant contribution to the cooling. The heat-treated surface
has a emissivity of 0.54 at 300K, which decreased below 200 K. Though this
value is slightly smaller than the literature value 0.6 (see Sec. bI), it almost
meets the required value for the design of Phase-1I1 TOBA.

6.2.2 Thermal conductivity of aluminum heat link

The thermal conductivity of the heat link, which is essential for cooling below
100 K, was measured. Thermal conductivity of a wire can be measured from
the temperature difference at the both end when heat is flowing along the wire.
The heat flow Qyeat and the temperature difference AT obeys the following
relation :

l
AT = Ik@heata (63)

where [, A and k are length, cross section, and thermal conductivity of the
wire, respectively.

Fig. B33 shows the setup for measuring thermal conductivity of the heat
link. Fourteen ¢0.15 x 100 mm heat link wires are stranded, and suspended
from an aluminum block on the 2nd shield. 220 {2 resistance is attached as a
heater at the bottom of the heat link. Temperatures at the both end of the heat
link were measured with Si diode thermometers. Thermal conductivity of the
lead wires for the thermometer and the heater is estimated to be sufficiently
small, therefore most of the applied heat is transferred via the heat link. The
measurement temperature was adjusted by heating the 2nd shield with an
attached film heater. The heat links are pressed to the aluminum blocks with
M4 screws. Here thermal conductivity was measured for two tightening torque
of the screws, 0.5 N-m and 1.0 N-m.

Measured thermal conductivities are shown in Fig. BH. The horizontal
axis is the averaged temperature between the top and bottom point. The
dependence on the tightening torque was clearly seen below 20 K. With 1.0 N-m
of tightening torque, the heat link satisfies the designed thermal conductivity
of TOBA above 10 K. Therefore the heat links in the following setup were
tightened with 1.0 N-m of torque, though there may be more optimal torque.

6.2.3 Stiffness of heat links

For the evaluation of vibration noise introduced via the attached heat links,
the translational spring constant of the heat links were measured. The mea-
surement setup is simple as Fig. 622. A weight (1.09 g) is suspended via the
heat link (¢0.15 x 100mm x 14), and its resonant frequency was measured by
the position sensor (photo-sensor). The total spring constant can be calcu-
lated from the weight and the resonant frequency. Then the contribution from



6.2. Component characterization 107

2nd shield

Aluminum block

screw
Thermometer

Heat link
¢ 0.15 x 100 mm x 14

screw
Thermometer

Heater (220 Q)

Figure 6.5: Measurement setup for thermal conductivity of the aluminum heat
link. Thermal conductivity was calculated from the temperature difference
between two end points of the heat link when the bottom point is heated.
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Figure 6.6: Measured thermal conductivity of 6N aluminum heat link with the
tightening torque of 0.5 N-m (blue) and 1.0 N-m (green). The dashed black line
shows the design of Phase-IIT TOBA. The heat links has better conductivity
than the design with the tightening torque of 1.0 N-m above 10 K, while it
slightly degrades below 10 K.

gravitational restoring force is calculated and subtracted to derive the elastic
spring constant.

The measurement was performed in two configurations; with the straight
heat link and with the bent heat link as depicted in Fig. 6Z0. The actual heat
links in TOBA are implemented in the latter way. The measured resonant
frequencies and the calculated spring constants are shown in Table B22. The
elastic spring constant was of the straight heat link was 0.050 N/m, which
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Figure 6.7: Measurement setup for the spring constant of the heat link.

Table 6.2: Measured spring constants of the heat liinks

resonant frequency | gravitational spring | elastic spring
[Hz] [N/m] [N/m]
straight 1.85 0.147 0.050
bent 2.21 0.210 0.080

increased to 0.080 N/m when the heat link is bent. It is assumed that torsional
deformation in the bent heat link brought additional spring constant. The
measured values are close to the expected value of 0.073 N/m. In Phase-III
TOBA and the current setup, ¢0.15 x 100mm x 28 of heat links are used, which
will then have 0.16 N/m of the spring constant.

6.2.4 Magnetic properties of copper

To evaluate the magnetic noise, remnant magnetic moment of copper and
oxidized copper were measured using two 4 x 4 X 4 mm samples. The samples
were made of oxygen free copper. One of sample was oxidized by heating in
the same way as TMs of TOBA. A superconducting susceptometer MPMS-5S
was used for the measurements. These measurements were performed by the
Cryogenic Research Center, the University of Tokyo.

The measurement steps are as follows. At the room temperature, the sam-
ples were first demagnetized, and 0.1 T of external magnetic field was applied
to the sample, then the external field was turned off. Then the samples were
cooled down to 4 K, and the remnant magnetic moments were measured at
several temperatures. Fig. B8 shows the measured remnant moments. It was
clearly seen that the oxidized layer increased the remnant moment. From the
measurements, the total remnant magnetic moment of the test mass bar of
Phase-III TOBA is estimated to be 5 x 1075 A-m? at 4 K.
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Figure 6.8: Measured remnant magnetic moments for the non-oxidized sample
(red) and the oxidized sample (blue). 0.1 T of magnetic field was applied to
the samples before cooling them.

Table 6.3: Temperature of the suspension masses just after the cooling. The
uncertainty of the temperature is +0.01 K.

’ mass \ achieved \ expected \ expected (for low-k) ‘

Ist shield [K] 55.71 51.8 51.8
2nd shield [K] 4.82 3.34 3.34
Heat link stage [K] 5.23 3.34 3.34
IM2 [K] 6.68 3.83 4.28

OB [K] 791 4.25 4.81

IM1 [K] 6.04 3.87 4.18

TM1 [K] 6.14 3.87 4.18

TM2 [K] 6.10 3.87 4.18

6.3 Cooling performance

6.3.1 Cooling curve

Using the assembled cryogenic suspension, a cooling test was performed to
demonstrate the performance of the cryogenic system. The result of cooling
is shown in Fig. B9 with the expected curves from calculation. The suspen-
sion system was successfully cooled in 10 days down to 6.1 K at TMs. The
achieved temperatures just after the end of cooling are summarized in Table
B623. The uncertainty of the temperature is 0.01 K due to the uncertainty of
the thermometer.
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Figure 6.9: Cooling curve of the suspension masses. The solid lines shows the
measured curve, and the dashed lines are the expected curve from calculation.
The dot-dashed lines show the case when thermal conductivity is lower than
the design by 35% for IM1, 50% for IM2 and 30 % for OB.

The difference of the achieved temperature 6.1 K and the target temper-
ature 4 K is a factor of 1.2 in terms of the fundamental thermal noise level
that is proportional to v/T (Sec. B=Z1l). Hence the fundamental requirement
on the cooling performance has almost been achieved, though there are some
possibilities of upgrade. Two issues, the slightly slow cooling speed and the
heat inflow that was limiting the achieved temperature, are examined below.

Cooling speed

The cooling curve is slower than expected (the dashed lines in Fig. ) below
120 K, where the conductive cooling dominates the heat extraction. Therefore
the thermal conductivity is suggested to be lower than the expected values.
The dot-dashed lines in Fig. B9 show the case when the thermal conductivity
of the heat link is lower than the design 35% for IM1, 50% for IM2 and 30 %
for OB. They explain the measured cooling speed well. Thermal conductivity



6.3. Cooling performance 111

can be degraded by contact thermal resistances between the components of
the suspension. The assumed degradation of the conductivity becomes larger

as the number of heat links increases (28 for IM1, 56 for IM2, and 28 for OB),
which suggests the effect of contact thermal resistance.

Heat inflow to the suspension system

The expected final temperatures with the degraded thermal conductivities are
also shown in the last column of Table 623. The achieved temperatures are
higher than expected by 2.0 K for TM, 1.9 K for IM1, 1.9 K for the heat link
stage, and 1.5 K for the 2nd shield.

The 1.5 K of temperature increase in the TM suspension series is due to the
rise in temperature of the 2nd shield. The expected 2nd shield temperature
is based on the measurement without suspension systems. As mentioned in
Sec. BT, the heat load capacity of the shield is 3.53 K/W. Therefore the
1.5 K of temperature rise corresponds to 420 mW incident heat at the 2nd
shield. The radiative heat introduction is expected to be small; 0.26 mW
from the hole for suspension wires, and 0.01 mW from the holes for lasers.
The most suspicious heat introduction path is the copper lead wires (¢0.125 x
200 mmx36) connected between the 2nd shield and the 1st shield to transfer
the electrical signals to outside the chamber. Though the properties of the
wires are not characterized, the thermal conductivity can be on the order
of 10> W/m/K if the purity of the wire corresponds to RRR ~ 30. The
expected heat is about 110 mW, which can be larger if the purity of the wire
is higher. Thermal conductivity of the lead wires have to be confirmed, or the
wires should be replaced to lower conductivity ones such as phosphor bronze.
Additionally, the performance of the cryocooler needs to be examined again
because the cooling ability might be degraded due to the trouble of the vacuum
system during this experiment. The gas molecules flowed from the troubled
vacuum pump, and they could transfer the heat from high temperature parts
to the 2nd shield.

Additional 0.4 K increase happens at the heat link stage. This suggests that
heat is incoming on the stage and the thermal resistance between the stage and
the 2nd shield is not sufficient. Currently ¢0.15 mm x 50 mm x 112 of heat link
wires are attached between them. Considering the degradation of the thermal
conductivity in the same degree as IM2 (~ 50 %), the corresponding heat inflow
is about 60 mW. When this assumption is true, the temperature rise can be
explained by the heat generation on OB. The temperature difference between
OB, IM2 and the heat link stage corresponds to heat flows of 39 mW from OB
to IM2, and 57 mW from IM2 to the heat link stage. The discrepancy between
the two heat flows can be because of the error in the thermal conductivity at
around 6 K. The error of the measured thermal conductivity is large below 10
K as shown in Fig. B8, and it is also difficult to estimate from the cooling
curve because the curve is mostly determined by the conductivity above 10 K.
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Figure 6.10: Temperature change of TM1 and IM1 vs applied heat on TM1.

The main source of the heat on OB will be the coils for actuator.

For the TM suspension series, IM1 has the same temperature as the heat
link stage, which suggests that there is no significant heat inflow directly on
IM1. 0.1 K difference between TM and IM1 is due to the applied heat load
on TM. Based on the measurement of heat load capacity, 0.1 K difference
corresponds to 0.37 mW heat, which comes from the laser and the actuator
coils. The test of heat load capacity is described later. When the laser and
the coils were turned off, the temperature decreased by 0.03 K and 0.2 K,
respectively. Therefore the heat from the coils for actuation seems to be the
origin of the temperature rise between TM and IM1.

Temperature change by heat load

For the evaluation of incident heat on TM, temperature rise against applied
heat was measured. Heat load was applied on TM1 using a heater attached
on the surface. The heater is made of phosphor bronze wire whose resistance
is 15.7 2 at 300 K. Based on the specification value of the wire, the resistance
at the cryogenic temperatures is predicted to be 13.0 €2. The applied heat
was calculated from the resistance and the applied current. Fig. G0 shows
the measured temperature change vs the applied heat. The fitted heat load
capacity is 0.31 K/mW for TM1, and 0.04 K/mW for IM1.

6.3.2 Change of suspension parameters

To check if any serious problems happen in the suspension system or not,
change of the suspension parameters during the cooling was measured. The
characterized parameters also provide useful information for future upgrades.
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Table 6.4: Resonant frequency and Q value at 300 K and at 6 K, for common
and differential rotational modes.

Temperature Resonant frequency Q value
Common ‘ Differential | Common ‘ Differential
300 K 12.30 mHz | 13.16 mHz 340 420
6 K 11.40 mHz | 13.64 mHz 230 710

Resonant frequency and Q value

The resonant frequency and the Q values of the torsional modes (Yaw modes)
were measured by ringdown method at 300 K and 6 K. Rotation of TM was
excited by applying a pulse force on TM, then f, and () were calculated from
the oscillational frequency and the decay time of amplitude. During the mea-
surement, the current on the actuators were turned off so that the measured
parameters were determined only by the suspension wires and the heat links.
The measured resonant frequencies and Q values are listed in Table 64. The
common and differential modes are the modes in which two TMs and IM1
rotates in the same direction, or two TMs rotates in opposite direction while
IM1 is stable, respectively.

The parameter change was not significantly large, which suggests that there
is no serious problem in the suspension such as the break of the components.
The resonant frequency change of the differential mode can be explained by
the change in the Young’s modulus of beryllium copper, which increases by
10 % at cryogenic temperatures [90]. On the other hand, the common mode
frequency decreased by 10 % at 6 K, which cannot be explained by the Young’s
modulus change. Thermal shrinks of the attached heat links or the suspension
wire clamp might contribute to the resonant frequency change.

Rotational drift during the cooling

During the cooling, the angular position of TMs moved by roughly 14 mrad
for TM1 and 7 mrad for TM2. The amounts of drift were estimated from the
actuator force which is applied to adjust the positions of TMs. It is inferred
that the cause of the drift is the thermal deformation around the suspension
point. When there is 1 % of asymmetry in the amount of the thermal shrinks, 1
%= 1072 rad of rotational angle change can happen. Considering that several
components are assembled at the suspension point, the 1 % asymmetry will
be feasible.

Though these drifts were able to be compensated with coil-coil actuators,
they should be adjusted with rotational stages in Phase-III TOBA, because
large DC actuator force introduces large actuator noise. From this experiment,
the required range was found to be few tens of mili-radians.
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Figure 6.11: A configuration of optics and control system for the cryogenic
prototype experiment. Jitter of the laser beam is monitored by two QPDs
(QPD1 and QPD2), and the rotation of the bars are measured by the optical
lever QPDs (“oplev” in the figure). Feedback paths are shown with the dotted
lines.

6.4 Sensing and control

A schematic diagram of the optics and the control system of the cryogenic
prototype are shown in Fig. B0, Optics are constructed on OB in the cryostat
or on the optical table outside the vacuum chamber. Two laser beams are
injected from outside the chamber into the cryostat. On OB, two jitter monitor
QPDs (QPD1 and QPD2) are placed for each TM to monitor the displacement
of the beam. FEach QPD measures vertical and horizontal displacement of the
center of the beam. The signals of QPD1 and QPD2 are fed back to the PZT
actuators outside the vacuum chamber to stabilize the beam jitter. By fixing
the beam center at the two QPDs, the beam is fixed relative to the OB so that
the optical lever can measure the relative rotation between TM and OB. An
optical lever QPD (Oplev) measures the position of the reflected beam from
the mirror on the bar. Its signal is then fed back to the coil-coil actuators for
the TM bar to damp the resonance of the bar.

Each QPD has three signals; beam displacement signal in the horizontal di-
rection (Yaw) and the vertical direction (Pitch), and total power signal (Sum).
Yaw and Pitch signals were calculated from the power difference between left
and right segments, and upper and lower segments, respectively. Sum signal
is the sum of the four segments of the QPD.
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6.4.1 Calibration of QPD

The position sensitivity of QPDs on the OB was measured to calibrate the
voltage signals to the rotations or displacements of the system. The beam
was shaken by the PZT actuators attached on the mirror in the beam path.
During the calibration, the tilt angle of the injecting mirror was monitored
with a reference QPD, as shown in Fig. BI0. First, the position sensitivity of
the reference QPD on the optical table was calibrated by scanning the QPD
position with a micrometer. Then the mirror was shaken at 10 Hz and the
signals from four QPDs (the reference QPD, QPD1, QPD2 and the oplev
QPD) were measured. Using the reference QPD signal and the beam path
lengths from the injecting mirror to each QPD, the displacement amplitude
of the beam at each QPD was calculated. The position sensitivity of each
QPD was then calibrated by comparing the electrical signal amplitude and
the calculated displacement amplitude. As a result, the sensitivity of the
oplev QPDs were measured to be 3.34 V/mm for TM1 and 9.11 V/mm for
TM2. The sensitivities of the other QPDs were also in the same order around
3-16 V/mm. The variation of the sensitivities originates from the difference
in the beam size, the beam position offset from the center of the QPD or the
trans-impedance of the QPD circuit.

6.4.2 Beam jitter suppression

As explained with Fig. BTl beam jitter was controlled using QPD1 and
QPD2. The actual control scheme is shown in Fig. B10l. Four signals from the
QPD1 and QPD2 are filtered and mixed, then applied to each PZT actuator.
The mixture matrix is set to decouple the signals because each PZT actuator
shakes the beam position at both QPDs. A low pass filter and gain booster
filters were used for the control, which is designed to get high suppression gain
below 0.1 Hz. The open-loop transfer function is given by Gjiy = Sqpp FjitApzr,
where Sqpp, Fjit, and Apyr are the sensitivity of the QPD [V/m], the transfer
function of control filter, and the efficiency of the PZT actuator, respectively.

Gjix was measured by injecting a signal into the control loop. Fig. BI2
shows the measured Gj;; for one of the jitter degrees of freedom. The beam
jitter control loop was confirmed to be working almost as expected. The gain
exceeds 10* below 0.05 Hz, which gives the achievable suppression factor of
beam jitter. The resulting beam jitter is evaluated in the next section.

6.4.3 Active damping of TM

TMs were actively damped by using the coil-coil actuators. The damping
scheme is shown in Fig. B. The measured rotational signal is filtered and
then applied to the actuator. This is a kind of feedback control, while the
open-loop gain exceeds 1 only around the resonance of the pendulum. Here
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Figure 6.12: Measured open-loop transfer functions for the beam jitter sup-
pression. The dots are the measured points, and the solid line is the expected
function multiplied by a factor of 0.76.

the open-loop transfer function is given by
GTM = SoplevFTMAcoilHTM- (64)

From the calibrated position sensitivity of the QPD and the distance between
TM and the QPD, 75mm, the sensitivity of the optical lever in unit of TM’s
angle is Sypley = 501 V/rad for TM1 and 1370 V /rad for TM2. The control filter
Fry and the mechanical response from applied force on the end to rotational
angle, Hry, are

1+4(f/0.003 [Hz))

1+4(f/1 [Hz])
0.3 [m] 1
Hrm(f) =0, P riff/O— (6.6)
where I, = 0.056 kg-m? as given in Table b, and the resonant frequency
and the Q values were evaluated by ringdown measurement. The actuator
efficiency A..; was estimated from the applied current amplitude and the gain
of coil drivers. In this experiment we set i; # 0 and i = 0. From Eq. (5)
and the parameters of the coils at room temperature, A.y is calculated to be
130 puN/V for TM1 and 27 uN/V for TM2.

Fig. 613 shows the measured open-loop transfer functions for two TMs.
The dashed lines were fitted with the actuator efficiency A..; as a fitting pa-
rameter. The shapes of the measured datas well fitted to the theoretical ex-
pectation. As designed, Gy exceeded 1 only around the resonance frequency,

Frai(f) x 0.01, (6.5)
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Figure 6.13: Measured open-loop transfer functions for TM1 (blue) and TM2
(red). The dots are the measured points, and the lines are the fitted functions.

hence it acted as an active damping control. On the other hand, the fitted
actuator efficiencies were 9.94 uN/V for TM1 and 3.94 uN/V for TM2, which
were smaller than the calculated values by about 10 times. This may be be-
cause the electrical conductivity of the bar on which the coils are attached was
significantly increases at cryogenic temperature, hence the inductances of the
coils were modified.

6.5 Noise investigation

Using the operated prototype, the coupling mechanisms for some important
noise sources were investigated to gather the knowledge of the performance of
the cryogenic torsion pendulum.

First, Fig. B4 shows the sensitivity and the noise budget of the current
cryogenic prototype. The vertical axis is plotted in unit of strain amplitude
of gravitational waves. According to Eq. (B13) and (B13), the conversion
between the rotational angle € of the single bar and equivalent GW strain
amplitude h is given by

2 2

IR W — (6.7)
haw 2L fg +ifofo — f

in the frequency domain. The ratio between the quadruple moment and mo-

ment of inertia of TM, ¢,/1,, is approximated to 1. The solid black line in Fig.

614 is the overall sensitivity, which was calculated from the difference between
the rotational signals of TM1 (solid blue line) and TM2 (solid red line).
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Figure 6.14: Noise levels in unit of gravity strain for TM1 (blue), TM2 (red),
and the differential rotation between them (black).

Some evaluated or estimated noise sources for each TM are plotted in
Fig. 614. Their details are explained in the following subsections. First, the
dominant noise sources in the current system were evaluated to characterize
the performance of this prototype. Then the following three technical noises
were investigated; temperature fluctuation noise, vibration noise via the heat
links and magnetic noise. These are important technical noise sources that are
relevant to the cryogenic environment.

6.5.1 Dominant noise sources in the current system

First, performance of the current prototype system was characterized. In the
current system, stray light noise and beam jitter noise were dominant noise
sources as described below.

Stray light noise

Interference fringes were observed in the angular signals of the optical levers as
shown in Fig. BI8. The same kind of fringes were also observed in the QPD2
for beam jitter control. They indicate a coupling from a stray light to the main
laser beam. The origin of the stray light was identified to the optics around
the TMs, because the interference pattern changes at the pendulum frequency
(around 1 Hz), as clearly seen in the TMI1 signal in Fig. 618. Additionally,
the interference fringe in the QPD2 disappeared when the beam going to TM
was blocked.
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Figure 6.15: Noise budgets for TM1 (upper) and TM2 (lower). The stray light
noise limits the sensitivity around 0.3 Hz and above 3 Hz. The peaks around
1 Hz are the contribution of beam jitter noise. Below 0.1 Hz, the residual

beam jitter originates from the signal coupling at the QPDs is inferred to be
dominant.



120 Chapter 6. Experimental Results of Cryogenic Prototype

Signal [mV]

' —— TMI Yaw
4 —— TM2 Yaw |-

0 1 2 3 4 5
Time [s]

Figure 6.16: Interference fringe observed in the signal.

The width of interference fringe was about 1-10 mV, which corresponds to
about 0.01 % of the stray light intensity compared to the main laser beam.
Such a stray light can originate from the reflection at the surface of the beam
splitters or the QPDs. For example, the reflectivity of the AR coated surface
of the beam splitter is specified to be 0.1 %, which can explain the observed
interference fringe.

Since the the stray light behaves like a random noise within the width of
the interference fringe, it turns to be a flat noise spectrum. The bandwidth of
the signal is determined by the speed of passing the interference fringe. In our
case, the band width was confirmed to be 100 Hz from the cutoff frequency
of the signal spectrum. And the width of the fringes were roughly 2 mV for
TM1 and 10 mV for TM2. Based on these parameters, the amplitude spectral
density due to the stray light interferences are plotted in Fig. BI4. It explains
the floor noise level of 4 x 107 /v/Hz.

To remove the stray light noise, the beamsplitter should be replaced from
the cube-shaped one to a plate-shaped one, which can separate the surface
reflection from the main beam path. Proper beam damping of the stray beams
is also important to reduce the noise. Note that the stray light noise will be
largely eliminated with the wave front sensor in Phase-III TOBA, because such
a beam splitter is not placed near the photo detector.

Beam jitter noise

Bean jitter control can suppress the jitter and introduce the noise from the
control system at the same time. The block diagram of the control, Fig. 617,
explains how noises are introduced in the control loop. Here three noise sources
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Figure 6.17: Block diagram of beam jitter control with noise.

are taken into account; signal coupling from other degrees of freedom (DoFs),
noise of the sensing electrics and noise of the circuits for the actuator. From
the block diagram, their contributions in the residual beam jitter are calculated
to be

1

jitres = = (Tjit — Gyt — A o — FjinA s 6.8
Tiit,res 1+ Gjit (.TJt jitL PzZTN jitAAPZTN ) ( )
1 Apzr 1
~ — Ty — Lo — Ng — ——Ns. 6.9
Gjit e Gjit SQPD ( )
The original jitter level z;;; was estimated using in-loop signal as follows

1+ Gy

ZTjit,estimation — S I ‘/inloop (610)
QPD

which gives a good estimation when the sensing noise n, or the coupling from
other DoFs z. are sufficiently smaller than the original jitter ;.

Fig. BI8 summarizes the estimated noise contributions. These spectrums
are calculated from the measured noise levels and the open-loop transfer func-
tions evaluated in Fig. B12. The vertical axis is converted to equivalent angle
of TM. For the sensing noise, analog to digital conversion (ADC) noise (light-
purple and red-purple lines) had a dominant contribution, which was more
than ten times larger than the dark noise of the QPD circuits (grey line).
The thick green and orange lines show the sum of the in-loop fluctuations and
the sensing noise (ADC noise here). These lines give the residual beam jitter
noises in the absence of the coupling from other DoFs x.. The PZT driver
noise (black line) had only ignorable contribution because it is suppressed by
Giit.-

Eq. 63 indicates that the contribution of x. cannot be suppressed, hence
it can be a serious noise source. The contribution of z. is suggested by the
coherence between the Yaw signal of the Oplev QPD and the Sum signals of
jitter monitor QPDs. Fig. B9 shows the coherence between them for TM1
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Figure 6.18: Estimated beam jitter noise budget under the feedback control.
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Figure 6.19: Coherence between the Yaw signals of the oplev QPD and the
Sum signals of jitter monitor QPDs. The black dashed line is the coherence
between uncorrelated signals shown as a reference.

and TM2. They were partly correlated to each other, which indicates that the
power fluctuation or the beam expansion was coupling as z., then appeared
in the residual beam jitter fluctuation. The direct coupling from the power
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Figure 6.20: Amplitude spectral density of temperature fluctuation for TM1
(blue), TM2 (red), and the 2nd shield (solid green). The noise floor due to the
resolution of the thermometers are plotted with dashed lines.

fluctuation to the Yaw signal of the Oplev is thought to be small because there
was no coherence between the Yaw and the Sum signals of the QPD for the
Oplev.

The amount of x. is hard to confirm since it requires measurements of
all possible fluctuation of the beam. Here 5 % of the original beam jitter
fluctuation is assumed as x., whose contributions are plotted with the dashed
cyan line for TM1 and the dashed pink line for TM2. Although this is just
an assumption, this contribution can explain the noise floor of TMs between
0.01-1 Hz (Fig. 613). Qualitatively speaking, incoherence between the signals
of TM1 and TM2, and consistency of the spectrum shape between the beam
jitter and the TM signals supports this hypothesis.

6.5.2 Temperature fluctuation noise

Using the thermometer signals on TMs, temperature stability was evaluated
because the fluctuation can be a noise as explained in Sec. B2. Fig.
shows the temperature fluctuation of two TMs and the 2nd radiation shield.
The temperature fluctuation of the 2nd shield was about 6 x 10~* K/v/Hz at
0.1 Hz. Based on Eq. (B339), the thermal radiation pressure noise is calculated
to be 3 x 1071 rad/ VHz in this system. Hence the temperature stability of
the shield is small enough in terms of this noise.

The measured spectrum of TM temperature fluctuations were limited by
the resolution of the thermometer, hence they are below 5 x 10~° K/+/Hz at
0.1 Hz. To evaluate the contribution to the noise in TOBA, response to the
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Figure 6.21: The ASD of the temperature and the rotational angle of TM1
during the injection of heat fluctuation in 0.1 Hz on TM1. No coupling was
observed.

temperature fluctuation was measured for TM1. A time-varying current at 0.1
Hz was applied to the heater on TM1, then the temperature fluctuation and
the rotational angle were measured. Fig. 6221 shows the measured spectrum of
them during the heat injection. Though the temperature of TM1 fluctuates at
0.1 Hz, no fluctuation of the rotational angle of TM1 was observed. From the
transfer function between them, an upper limit of 7x 107% rad /K was set to the
response to temperature fluctuation. With the upper limit of the temperature
fluctuation, the temperature fluctuation noise in the current system is below
3.5 x 1071 rad/v/Hz at 0.1 Hz.

Expected temperature distortion noise is smaller than this. The coefficient
of thermal expansion of copper is about 9 x 107° /K at 6 K [83]. The aspect
ratio in Eq. (82M) is [,/L, ~ 0.1 in our case. Assuming 1 % of the asymmetry
in the thermal expansion, Aay, = 9 x 107 /K at 6 K. Hence the total thermal
distortion noise is calculated to be 4.5 x 10716 rad/v/Hz from the measured
upper limit of temperature fluctuation. Since the actual temperature fluctua-
tion is smaller than the upper limit, the noise will be sufficiently smaller than
the target sensitivity of Phase-III TOBA.

6.5.3 Vibration noise via heat links

The amount of vibration noise induced via the heat links is estimated from
the measured spring constant. The heat links are bent by relative translation
between the suspension masses, then the elastic force acts on the attached
point. Some fraction of the force act as torque in proportional to the asymme-
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Figure 6.22: The vibration noise induced from the heat links. The contribution
from the IM heat link and the TM heat links are shown with a red and a blue
lines, respectively.

try of the force on the mass. The introduced noise in terms of the differential
rotational angle between TM1 and TM2, 04, is given by

Oaist(f) = CCMRRCasymDhlkhl,IMS(IM(f)ﬁIMeTM(f) (1 — ﬁIM,trans(f)) Tseis
+ Dk ovxtv(f) (F[IM,trans(f) - IE[TM,trans(f)) Tgeis, (6.11)

where Coymgr is the common-mode rejection ratio in the rotational vibration
transfer from IM1 to TM, fIIM_ﬁM( f) is the transfer function of horizontal
rotation from IM1 to TM, fIIM(TM)ManS( f) is the translational transfer function
from seismic vibration to IM1 or TM, and Zs is the translational seismic
vibration. Xmveram)(f) is the mechanical response of IM1 or TM against applied
torque. About the heat links, Dy, is distance from the suspension point to the
attached point of the heat links. Kpmv(ra is the translational spring constant
of the heat links for IM1 and TM, which are 0.16 N/m for IM (¢0.15 x 100mm x
28) and 0.017 N/m for TM (¢0.15 x 100mm x 3) based on the measurement
in Sec. B223. For IM1, two set of the heat links were attached across the
suspension wire, and Cyeym is the asymmetry factor between them.

The calculated result for each term in Eq. (60) is shown in Fig. 622. Here
Covrr = 0.1, Cagym = 0.05 and Dy = 20 mm were used for the calculation.
The contribution of TM heat links is dominant because it is attached at one
side of the bar (Cysym = 1), and independent to TM1 and TM2 (Ccympr = 1).
The total contribution is below 2 x 10~° /v/Hz, hence not dominant in the
current noise budget.

The measured vibration at the suspension stage was used for the noise
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estimation. It is worth mentioning that there was no significant excess of
vibration around 0.1 Hz due to the cryocooler. The vibration of the cryocooler
was low enough, or it was sufficiently isolated at the suspension stage without
active vibration isolation system.

The prospect about the heat link vibration in Phase-IIT TOBA is discussed
in the next chapter. Note that the heat links on TM will not be used and the
seismic vibration will be actively suppressed in Phase-IIT TOBA, hence the
noise will be much lower than the current noise level.

6.5.4 Magnetic noise

Magnetic noise was evaluated since it is an important noise that directly de-
pends on material properties at cryogenic temperature. Response to the fluctu-
ation of the environmental magnetic field were measured by injecting magnetic
fluctuation with a pair of injection coils sandwiching the chamber. The coils
have 40 cm of diameter, 1 cm of thickness and 200 turns. Then the envi-
ronmental magnetic field fluctuation was measured with a magnetometer to
evaluate the noise. This noise was unexpectedly large as shown below, there-
fore an additional experiment with a simpler torsion pendulum was performed,
which is explained later.

Magnetic shielding of the radiation shield

First, the magnetic shielding ratio of the radiation shield (5 mm thick oxy-
gen free copper) was measured at the room temperature. The applied field
was calculated from the applied current on the injection coils, and the actual
field inside the shield was measured with a magnetometer Mag649 (Barting-
ton Instruments Ltd.). The measured shielding ratio is shown in Fig. B3,
which had a cutoff frequency of 3 Hz. Since the shielding effect at higher fre-
quencies is caused by the induction current, the cutoff frequency is expected
to be lower at cryogenic temperature. Based on the specified RRR (residual
resistivity ratio) of 100, the cutoff frequency at 4 K is estimated to be 0.03 Hz.

Response of the pendulum to magnetic field fluctuation

Next the response of TMs were measured by injection in the same way. The
measured magnetic coupling functions are plotted in Fig. E24. They were
fitted with the following function

5 Orm . P
Hinag(f) = = = (u1 + 2mi fuz) X(F) Hon (), (6.12)
ext
where x(f) is the mechanical response of TM, and p; are the coefficients which
are used as fitting parameters. Hg,(f) is the magnetic shielding of the cryostat
which evaluated above. The first term of Eq. (BI2) represents the direct
coupling between the magnetic moment or susceptibility of the bar, and the



6.5. Noise investigation 127

10 : e
fitted (3 Hz cutoff) -
—-== estimation for 4 K i
0 ¢  measured at 300 K
10 & = s T i
- ] 53
Y S
10" s M
~ o J
SS ¢
2 Pao
10,52 10" 10" 10' 107
= 180
< 90
o Of=o e
& 90 i i S TSsseeie
=180 10" 10° 10' 10°

Frequency [Hz]

Figure 6.23: Transfer functions from magnetic field fluctuation applied from
outside the chamber to the fluctuation inside the cryostat. The red points
shows the measured value at the room temperature, and the orange line is the
fitted low-pass filter. The dashed blue line is the estimated shielding ratio at

4 K.

Table 6.5: Fitted coefficients of magnetic coupling functions for TM1 and TM2
in the direction along to the bar (||) and perpendicular to the bar ().

| | (A | pp [Am®s] |
| | —3.39 x 1073 | —1.32 x 1072
1| —1.58x 1073 | 1.58 x 1072
| | —2.66 x 1073 | 4.60 x 1072
1| —417%x1073 | —9.49 x 1073

TM1

TM2

magnetic field or its gradient. The second term is a coupling with the time
varying magnetic field B. The fitted parameters for TM1 and TM2 are shown
in Table BA. py corresponds to the magnetic dipole moment of the bar if we
assume that the coupling is caused by a torque of N = u x B. The fitted
values were in the order of p; ~ 3 x 107 A-m?, which is a similar value as a

¢l x 5 mm Nd magnet.

Magnetic noise evaluation

Fig. 623 shows the spectrum of environmental magnetic field fluctuation mea-
sured around the vacuum chamber. The measured fluctuation was in the order
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Figure 6.24: Transfer functions from applied magnetic field fluctuation to ro-
tation of the bar. Magnetic fluctuation was injected in two directions; along
to (]|) and perpendicular to (L) each bar. The blue and cyan dots are the
measured values for TM1, and the red and pink dots are for TM2. Fitted
functions are plotted with dashed or dot-dashed lines.

of 108 T /v/Hz for the horizontal (x and y), which are relevant here. Note that
there was no significant excess of fluctuation due to the cryocooler below 1 Hz.
From the measurements above, the total contribution of the magnetic field
fluctuation to the sensitivity was calculated. The result is plotted in Fig. G138
with a green line. The magnetic noise in the current system is more than 10~°
/VHz at 0.1 Hz, which is serious in the future sensitivity. These values were
much larger than expected from the characterized magnetic properties shown
in Sec. 6B224. Note that the magnetic field around TM bars can be largely
deformed by the components on OB, which are made of copper. The induction
current in such high conductive components can generates local magnetic field
then enhance the magnetic noise.

Magnetic coupling in a simple torsion pendulum

To investigate the origin of the unexpectedly large magnetic coupling, ad-
ditional experiment was performed using a simples torsion pendulum which
consisted of a single bar without intermediate mass as shown in Fig. BZ2E.
The bar is the same one as TM of TOBA, while some components such as
brass counter weights were not put in this measurement. Instead of suspended
OB, the rotation of the bar was measured from the optical lever constructed
at the bottom of the 2nd shield. The magnetic field was applied from outside
the chamber in a horizontal direction perpendicular to the bar. As seen in
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Figure 6.25: Measured spectrums of environmental magnetic field fluctuation
in x (red), y (blue) and z (green) directions. Lighter colors show when the
cryocooler is ON; and darker lines show when it is OFF. The noise floor was
high in the red line, due to the trouble of the digital system.

Figure 6.26: A measurement setup of magnetic noise with a simple torsion

pendulum. It consists of a single suspended bar and the optical lever on the
ground.

the picture, the bar is surrounded by less component than the current setup,
hence the distortion of the magnetic field is expected to be smaller.

The response of the bar to the magnetic field fluctuation was measured
in the same way as Sec. BA4. By changing the temperature of the bar
using a heater on it, temperature dependence of the magnetic response was
investigated. During the measurement, the temperature of the 2nd shield was
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Figure 6.27: Measured transfer functions from magnetic field to the bar ro-
tation. The gains and the phases of the transfer functions are shown in the
upper box and the lower box, respectively. The different colors show different
measurement temperatures from 5.7 K to 102.5 K.
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Figure 6.28: Fitted magnetic coupling coefficients vs temperature of the bar.
The blue dots are the measured values, and the yellow line shows the temper-
ature dependence of electrical conductivity of pure copper.

kept around 4 K.

The measured transfer functions from magnetic field to the bar rotation
at various temperatures from 5.7 K to 102.5 K are shown in Fig. 62Z1. The
resonant frequency was about 40 mHz In this experiment. Above the resonant
frequency, the transfer functions were inversely proportional to square of fre-
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quency. Taking into account the magnetic shielding effect of the 2nd shield,
the torque from the magnetic field fluctuation is proportional to the frequency,
which is expressed with the second term in Eq. (612).

Fig. shows the fitted coupling coefficient py which is used in Eq.
(612). As shown in the figure, the measured temperature dependence of the
magnetic coupling was clearly proportional to the electrical conductivity of
pure copper, which is the substrate of the bar. Here the residual resistivity
ratio of copper was assumed to be 150, which is a typical value for oxygen free
copper. This temperature dependence and the frequency dependence of torque
(ox f) suggest that the origin of magnetic coupling is induced current in the
bar. When time-varying magnetic field is applied, current is induced in the
bar, then induced magnetic moment couples to the magnetic field. Since pure
copper has very high electrical conductivity, the contribution is not ignorable
in the cryogenic torsion pendulum. The quantitative discussions are described
in the next chapter.

On the other hand, the measured coupling functions contained less p; terms
than the value in Table B34. There can be two reasons. One is because some
brass screws was removed in this experiment. Those components was likely to
have a magnetic moment. Another reason is the distortion of the magnetic field
is expected to be smaller because the bar is surrounded by less components.

6.6 Summary of experiment

Here the experimental results are briefly summarized. The achievements of
this work are following things:

e The suspension system was successfully cooled down to the cryogenic
temperature, 6.1 K.

e The torsion pendulum was operated at the cryogenic temperature.

e The performance of the cryogenic TOBA was investigated, and some
problems have been identified.

The designed cooling technique has been basically demonstrated, and the pen-
dulum was successfully operated at the cryogenic temperature. As mentioned
at the beginning of this chapter, these are the essential steps for Phase-III
TOBA since there have been no work on a large-scale cryogenic torsion pen-
dulum. The achieved temperature in this work 6.1 K, which is close to the
target temperature 4 K. Their difference in terms of fundamental thermal noise
level is only a factor of 1.2.

From the noise investigation using the current prototype, a few issues in
Phase-IIT TOBA have been identified. The beam jitter noise was inferred to be
large due to the signal coupling at the QPDs. The vibration noise via the heat
links and the magnetic noise are the issues that are relevant to the cryogenic
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system. The prospects of solving these issues for Phase-III TOBA are discussed
in the next chapter. On the other hand, the temperature fluctuation level is
already meets the requirement of Phase-IIT TOBA.



Discussion about
Experimental Results

In this chapter, we discuss about the problems that were found in the previous
chapter. The main target of the discussion is how to achieve the requirement of
Phase-IIT TOBA based on our experimental results. The problems discussed
here are follows:

e Improvement of cooling performance
e Magnetic noise reduction

e Vibration reduction via heat links

e Beam jitter reduction

Each topic is discussed in the following sections.

7.1 Improvement of cooling performance

Our cooling system worked almost as designed. Therefore it will also work for
Phase-ITII TOBA in principle by replacing the suspension wire to a silicon wire.
Ongoing R&D of silicon wire development is hence the primary topic among
the issues about the cryogenic system. In terms of cooling, it is important to
achieve the designed thermal conductivity of the silicon wire which is shown
in Fig. bR.

The remnant problems in the current system are that the thermal conduc-
tivity of the heat links was lower than expected and the achieved temperature
of the suspension system was higher than the target. Though properties of the
heat link will not directly affect the cooling of TMs because no heat link is
connected to TMs in Phase-III TOBA, the temperature of IM1 is determined
by the thermal conductivity of the heat links.

The current cooling curve shows that the thermal conductivity of the heat
links is lower than expected by 30~50 %. It is suspected that contact thermal
resistance at the attachment point of the heat links degrades the conductivity,
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Figure 7.1: Distribution of induced eddy current in the bar.

because the amount of degradation is correlated to the number of heat links.
As the thermal resistance of heat link is low, it is affected by the small contact
resistance more. Currently the heat links are pressed to the components with
M4 washers (¢10 mm). The contact area can be increased more to reduce the
thermal resistance at the contact point.

The achieved temperature, 6.1 K, was slightly higher than 4 K, mainly be-
cause the temperature of the shield was higher than previously measured value
by 1.5 K. The most possible heat source is the electrical lead wires connected
between the vacuum chamber flange and the 2nd shield. By replacing the
material of the wire from copper to phosphor bronze, the expected heat intro-
duction can be suppressed by two orders of magnitude, so that the temperature
rise will be below 20 mK. The heat generation of the coils for actuators on OB
also contributed to the temperature of TM by 0.4 K, via the temperature
rise at the heat link stage. This can be reduced by lowering the actuation
force, which is required to compensate the angular drift of the pendulum. A
cryogenic rotational stage should be implemented at the suspension point of
TM to reduce the actuation force. Required rotational range is roughly 15
mrad, which corresponds to the observed drift during this experiment. Such
rotational stages will also reduce the heat on TMs, which is generated by the
induction current of the coils for the actuators.

7.2 Magnetic noise reduction

7.2.1 Origin of magnetic coupling

Coupling with magnetic field fluctuation was unexpectedly large in the current
system. The origin of the dominant coupling path was identified to be the
induced current in the bar because the temperature dependence of the coupling
was quite well agreed with the electrical conductivity of the bar. Here, the
coupling via the induced current is quantitatively evaluated. An analytical
formula of induced current in a thin rectangular metal plate is given in the
previous work [@1]. Though our bars are not thin plates, here we adopt the
formula to our case for an order estimation. The shape of the bar is simplified
to be 350 x 40 x 10 mm plate, and external magnetic field B(t) = B cos(27 ft)
is applied perpendicular to the plate. The distribution of the induced current
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derived from the analytical formula is shown in Fig. [1. The Joule heat from
the induction current is 107'* W for 10 nT amplitude of the magnetic field
oscillating at 0.1 Hz, hence the heat is negligible in the cryogenic system. From
the current distribution, the induced magnetic moment p; is calculated to be

B
fina(f) ~1x 1070 A - m? x (01sz> (108 T) sin(2m f1). (7.1)

This induced moment is then couples to the DC geomagnetic field, which is
typically Bgeo ~ 5 X 1075 T, then act as a torque N = indBgeo 0N the bar. The
fluctuation of environmental magnetic field induces the fluctuating magnetic
moment, which turns to be fluctuating torque. Therefore the transfer from the
magnetic field fluctuation to the rotational angle of the bar is given by

= ﬂinngeof(f{sh
~ 1x1072 A -m? s x21fYHg. (7.2)

D:Jz‘ g1

Here ¥ and Hy, are the mechanical response of the pendulum and the magnetic
shielding effect of the cryostat, respectively. By comparing this to Eq. (B12),
the estimated coupling coefficient 5 is 1 x 1072 A - m? - s. The order of the
estimated value corresponds to the measured coupling constant listed in Table.
B635. Therefore the order of the measured magnetic coupling can be explained
with the induced current in the bar.

The simplest way to reduce the magnetic noise is shielding the magnetic
field fluctuation. This will be discussed in the next subsection. Another choice
is to change the material of the pendulum to a non-conducting one. However,
such a non-conducting pendulum will be suffered from electrostatic force from
the surrounding staffs. Hence a careful design about electrostatic force noise
should be considered in that case.

7.2.2 Magnetic shield

The magnetic noise level in the current system is about 2x 10~ /v/Hz (see Fig.
BETH). To achieve the target sensitivity of Phase-III TOBA, magnetic shielding
by at least six orders of magnitude is required. Such a shielding ratio is within a
reach with recent technologies. For example, superconducting magnetic shield
for neuromagnetic measurements recorded the shielding factor of 10° at 0.2
Hz [70]. It used a helmet-shaped high-T, superconductor kept in liquid nitro-
gen. Since superconducting magnetic shielding is frequency-independent, it is
suitable for our low-frequency purpose. Additionally, superconductor is com-
patible to our cryogenic systems; the magnetic shield can be installed on the
wall of the cryostat. By improving the current shielding factor by 2 times or
using additional shielding materials, the target of Phase-III TOBA is achiev-
able. Of course careful design of the magnetic shield is required to achieve the
target, it will be possible in principle.
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Figure 7.2: Estimated vibration introduced via heatlinks in phase-III TOBA.

7.3 Vibration noise via heat links

As shown in Fig. 6222, large vibration noise is introduced via the heat links in
the current system. Note that the contribution from the TM heat links in the
current system does not matter in Phase-III TOBA since TMs are suspended
by silicon wires without heat links. Therefore the main target to reduce is the
contribution from the IM heat links.

There are several factors to reduce the vibration noise. The first one is
the active vibration isolation system, which is designed to suppress the vi-
bration of the ground by two orders of magnitude around 0.1 Hz. Since the
heat links are attached to the heat link stage fixed to the vibration isolation
stage, the induced vibration noise is reduced by two orders of magnitude. The
second factor is the common mode rejection ratio (CMRR) between two TMs,
which suppresses the induced IM vibration in the differential rotation of TMs.
Though CMRR=0.1 is assumed in the current vibration noise estimation, the
designed CMRR in Phase-IIT TOBA is 1073, which corresponds to 5 puHz dif-
ference of resonant frequencies. The adjustment of resonant frequency in this
accuracy is already achieved by another torsion-bar detector, TorPeDO [49].
By combining these factors, the vibration noise is reduced sufficiently as shown
in Fig. 2. The vibration noise via the heat links can be suppressed below
the design sensitivity of Phase-III TOBA.
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Figure 7.4: Improved beam jitter suppression scheme with a mode cleaner
cavity.

7.4 Beam jitter reduction

Though the beam jitter was planned to be suppressed by control, contribu-
tions from the signal couplings at the QPDs were found to be remaining as the
residual jitter noise after control. Such noise was quite large compared to the
target sensitivity. It is required to reduce the signal coupling at the QPD or
to suppress the original fluctuation of the incident beam. One of the possible
origins of signal coupling is the mis-centering of the beam at the QPDs. In
this case, the power fluctuation or beam expansion changes the power at each
segment of QPD, then a fraction of the fluctuation couples to the beam dis-
placement signal. Hence the fine tuning of the alignment can possibly reduce
the signal coupling, so that reduce the noise level.

A possible way to suppress the original beam jitter is using a mode cleaner
cavity on the optical bench. A mode cleaner is a transmissive optical cavity
to filter out the higher order mode of the laser beam using the different trans-
missivity between the laser modes (see Appendix B). Its principle is shown in
Fig. [3. By placing the mode cleaner at the entrance of the optical bench,
beam jitter is largely suppressed.

The possible actual configuration is shown in Fig. [4. The incident beam
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jitter relative to the mode cleaner cavity is measured using RF signals of QPDs,
which are acquired by modulating the input laser phase at an RF frequency
(~10 MHz) and then demodulating the QPD signals at the modulation fre-
quency. This is the same method as the PDH signal [87]. Such RF angular
signals can sense the phase difference of the wave fronts between the reflected
HGgg mode and the reflected HG;y mode. Since the relative phase between
the reflected modes is measured, the beam jitter in the reflection beam of the
mode cleaner can be cancelled. Using these signals, the input beam jitter is
pre-stabilized before the mode cleaner cavity. Then the mode cleaner passively
filters out the fluctuation of beam. The maximum contrast of the transmit-
tance between a resonant mode and a non-resonant mode is given by F /27 for
a critical-coupled cavity. Assuming the finesse of the mode cleaner to be 10000,
incident jitter is suppressed by three orders of magnitude. Additionally, the
wave front sensors for TMs can suppress the incident jitter modes relative to
the angular signal as described in Appendix BZ3. In our design of Phase-II1
TOBA, the contrast is 102. If the input beam jitter is stabilized by a factor of
10%, the total jitter noise is suppressed by nine orders of magnitude, so that
suppressed below 10~'° /v/Hz at 0.1 Hz.



Conclusion

8.1 Conclusion

In this thesis, we have performed simulations on the earthquake detectabil-
ity, and experimental work on the cryogenic system of Phase-IIT TOBA. The
conclusions of these topics and the overall conclusion are described in this
chapter.

Detectability of earthquakes using TOBA

First, we performed a computational investigation on the earthquake detectabil-
ity using different types of gravity gradiometers and compared the results. The
earthquake detectability using TOBA, which is sensitive only to the horizontal
gravity strain, has been evaluated in this work for the first time. A comparison
of the signal-to-noise ratio (SNR) distribution for each component of the grav-
ity strain tensor showed that the horizontal strain components are essential for
the detection of strike-slip earthquakes, while the vertical strain components
are important for the detection of dip-slip earthquakes. Considering the real-
istic case that the coast is in the opposite direction to which a hanging wall
moves, the SNRs for the horizontal and vertical components are similar for the
dip-slip earthquakes at the region where the detectors can be placed. The de-
tectable distance where SNR = 8 with the horizontal components is about 130
km at all azimuths for the strike-slip earthquakes, and 130 km at maximum,
which is shorter at the other azimuths, for the dip-slip earthquakes. Thus,
the horizontal components are sufficient for earthquake detection. Therefore,
TOBA is considered to be a good choice as a detector for gravity-based EEW.
Moreover, the required sensitivity of TOBA for EEW has also been confirmed
tobe 1071° / VHz at 0.1 Hz, which is similar to the value reported in a previous
study for vertical gravity strain measurement [2]. Although a detector that is
sensitive to all gravity strain components such as SOGRO is always the best
choice, the vertical strain measurement is not always indispensable.
Localizing simulations were also performed using an array of TOBAs to
determine the type of detector system that should be constructed for a gravity-
based EEW. The detector sensitivity was assumed to be 1071 /v/Hzx W’
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which is close to the design of Phase-III TOBA. A comparison of the local-
izability using different detector array arrangements suggests that three pairs
of two TOBAs placed 75 km apart along a coast line would be suitable to
localize off-shore earthquakes; localizability using fewer detectors was not uni-
formly good. In the localization process, information on the focal mechanism
is important because it can be used to constrain the locations of the epicenters
within 100 km? up to 120 km distances in 10 s; in the absence of this informa-
tion, this area can increase by more than three times. As large earthquakes
generally occur along the existing fault plane, the information on the focal
mechanisms will usually be available in advance in actual cases. The required
presumption accuracy to suppress the systematic localization error below 10
km is roughly 10°. However, the available accuracy for actual faults needs to
be statistically investigated in a future work. For this level of of systematic
localization error (<10 km), the calibration error of the detectors should also
be below 3 %, which is not very difficult.

Thus these works have settled some of the requirements for Phase-III
TOBA and EEW systems using TOBA. The detectability study has confirmed
the required sensitivity, and the localizability study has clarified the suitable
detector arrangement, the required calibration accuracy of each detector, and
the necessary information regarding the focal mechanisms, which are impor-
tant in constructing an actual gravity-based EEW system. Although there may
be better localization schemes, the validity of at least one possible method has
been confirmed by our work. Further investigations on topics such as the accu-
racy of presumed fault parameters, and the differences between the analytical
model and the actual gravity gradient fluctuations, will further improve the
concreteness of the detection scheme.

Development of the cryogenic system for Phase-111 TOBA

We have created a design for Phase-III TOBA, including the cryogenic sus-
pension system, optical system, and vibration isolation system, to achieve the
required sensitivity of 107 / VvHz at 0.1 Hz for meaningful earthquake de-
tection. This is also an important technical demonstration before moving on
to the larger scale (~10 m), i.e., Final TOBA. In addition to the suppres-
sion of known noise sources, the designed system also suppresses the recently
discovered nonlinear vibration transfer noise.

The main topic in this thesis is a cryogenic technique in a torsion pendu-
lum, which is essential for TOBA to reduce the thermal noise. Experimental
demonstrations were performed using a simplified configuration of Phase-III
TOBA. The suspended pendulum was successfully cooled to 6.1 K, and the op-
eration of the sensing system at the cryogenic temperatures was achieved. This
is the first example of a large-scale cryogenic torsion pendulum, and hence, it is
technically essential for Phase-IIT TOBA. The current system can be basically
applied to Phase-IIT TOBA by replacing the suspension wire with a silicon
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wire. The achieved temperature could be further lowered by replacing the
electrical lead wire on the shield, and by implementing a cryogenic rotational
stage at the suspension point of the TM wire to reduce the actuator force on
the TM. Additionally, the cooling speed could be improved by increasing the
contact area of the heat links on the suspension masses.

The noise performance of the cryogenic torsion pendulum was also inves-
tigated using the developed prototype. Although the current sensitivity is
not sufficient for the scientific observations, the noise injection measurement
and component characterizations revealed some important information regard-
ing the noise of the cryogenic torsion pendulum. The current setup already
meets the temperature stability requirement (< 5 x 10~° K/v/Hz; Fig. G20),
and the vibration noise via the heat links can be sufficiently suppressed below
4x107'% //Hz at 0.1 Hz (Fig. [2) using the designed vibration isolation sys-
tem and suspension parameter tuning in Phase-III TOBA. The most serious
noise source relevant to the cryogenic technique is the coupling with the mag-
netic field fluctuation via the induction current in the bar, which significantly
increases at cryogenic temperatures as the electrical conductivity increases;
therefore, a magnetic shield must be installed in the cryostat to reduce this
magnetic coupling. Additionally, the beam jitter noise, which is not specific to
the cryogenic environment, must also be suppressed by using a mode cleaner
cavity.

Thus, these experimental works have established the fundamental part of
the cryogenic system in Phase-III TOBA and identified some problems in
achieving the target sensitivity of Phase-III TOBA. However, to realize the
design sensitivity of Phase-III TOBA, developments of components such as a
high-quality silicon wire, active vibration isolation system, a highly sensitive
angular sensor, and a magnetic shield are required, which can be integrated
into the cryogenic system. The information gained from the prototype exper-
iment in this work will help such future works.

Conclusion of the thesis

In summary, the theoretical works in this thesis have clarified that the measure-
ment of horizontal gravity strain using TOBA could significantly contribute
to earthquake detection. Then, Phase-IIT TOBA was designed to achieve the
required sensitivity of 1071 / vHz for the gravity-based EEW. The cryogenic
system, which is technically important, was experimentally demonstrated, and
the basis of the cryogenic system for Phase-III TOBA was established. These
works have opened a path towards the development of gravity-based EEW
system using Phase-IIT TOBA.
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8.2 Future prospects

Towards making future scientific observations using Phase-III TOBA or Final
TOBA, the following developments are necessary in the experimental aspect.

For Phase-III TOBA, some of the problems were discussed in Chapter
[@. Technical upgrades for the magnetic shield, the vibration isolation system,
and optics are necessary to improve the current sensitivity. Another important
component is the suspension wire for the test masses. To suppress the thermal
noise below 107'* /v/Hz, a low-dissipation (¢, < 10~8) silicon wire needs to
be developed. As pointed out by the previous work [80], energy dissipation on
the surface of the material will dominate the total loss angle. Therefore, sur-
face treatment will be a key to achieving the required dissipation. Component
research and development regarding the dissipation of silicon wires is required.
By integrating these systems, the target sensitivity is expected to be achieved
in principle. However, there may be unknown noise that is relevant to cryo-
genic temperatures, because no previous work has investigated the noise of a
cryogenic torsion pendulum in detail. Therefore, the noise performance of the
cryogenic TOBA needs to be characterized step-wise with gradually increasing
sensitivities, in the future.

Research on the Newtonian noise is an essential step towards improving
the sensitivity to 107'° /v/Hz or below. When the instrumental noise is sup-
pressed to 1071° / v Hz, the Newtonian noise induced from the fluctuations of
the ground or the atmosphere will be measurable, as estimated in Sec. B=2Z4.
Using the measured Newtonian noise, the models of Newtonian noise will be
examined at first, followed by a discussion and testing of the reduction method.
To examine the noise models, it is necessary to place environmental monitors
around the detector to measure the ground vibrations and the atmospheric
temperature or pressure fluctuations. To verify the models, the gravity fluc-
tuations are estimated from the environmental measurements and the noise
models, and then compared with the TOBA signal. If the measured TOBA
signal is successfully reproduced from the environmental monitors, noise sub-
traction will also be possible using the environmental measurements. There-
fore, development of the environmental monitor system and establishing the
noise models are important to achieve these goals; for the environmental mon-
itor system development, the required number and arrangement of the sensors
need to be discussed.

Further technical investigations are required towards achieving the design
of Final TOBA. Although the principle noise sources such as quantum noise
and thermal noise will be suppressed in the design of Final TOBA, as explained
in Sec. B33, a concrete design of the system must be considered. For example,
the cryogenic system in Phase-III TOBA will be insufficient for Final TOBA
just by scaling up from 35 cm to 10 m. This is because the total heat of the
10 m-pendulum is much larger than the 35 cm-pendulum—by roughly 4 x 10?
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times, while the thermal conduction path of the suspension wire (o< (wire
length)™!) and the thermal radiation path from the surface (o< (surface area))
are not scaled up at the same ratio. Therefore, additional heat extraction path
may be necessary for Final TOBA.

The selection of the observation site is also important for good sensitivity
and stable operation. In terms of Newtonian noise, an underground site would
be suitable to suppress some kind of the Newtonian noise, as indicated in
Fig. B3A. Other sources of gravity fluctuations such as the oceanic and the
human activities, which are not included in Fig. B3, should also be estimated
or characterized. The investigations on the Newtonian noise with Phase-III
TOBA would provide valuable information for the actual site selection.






Nonlinear
Vibration Transfer in
Torsion Pendulums

Nonlinear vibration transfer was recently found as a noise source in torsion
pendulums. Though it is not so serious in usual experiments, it can be signif-
icant noise in precise measurement of environmental gravity gradient such as
the targets of TOBA. That nonlinear noise can be simply derived from classi-
cal mechanics. Here the principle of the noise is introduced, and the amount
of noise is calculated. The following calculations are reported in [22].

A.1 Derivation

A simple torsion pendulum as depicted in Fig. [Al is assumed in the following
calculation. The length of the suspension wire is [, and the vertical offset of
the suspension point (SP) and the center of mass (CM) is h. The definition
of coordinates is also shown in the figure. The translation of the CM and the
rotation around the CM are (z,y,2) and (0p,0g,0y), respectively, where P
(Pitch), R (Roll) and Y (Yaw) denote the rotations around z, y and z axes as
defined in Fig. AT

The Lagrangian and the dissipation function of the system are given by

1 1 1
£=gm (4% +97) + 5@ 15— mgz — Srufh. (A.1)
U RO IR T B
D= il“xx + §Fyy + §Fp0p + §FRGR + §Fy0y , (A2)

where m and I are the mass and the inertia tensor of the bar, respectively. ¢
is the gravitational acceleration, and k., is the torsional spring constant of the
wire. @ = (6p, O, fy) is the angular velocity vector. I'y (a = z,7,P, R, Y) are
the damping coefficient for each DoF.

145



146 Appendix A. Nonlinear Vibration Transfer in Torsion Pendulums

—tl—

suspension
stage

Bar

Figure A.1: A model of a simple torsion pendulum and definition of coordi-
nates.

Under the seismic vibration z, and y, at the suspension stage, the bar’s
DoFs fluctuate in time. The inertia tensor is then time-dependent as

Ip 0 Or(Iy — Ip)
() = 0 i Opla—1L) |, (A3)
GR([y—[p) QP(IR—Iy) Iy

where I, (o =P, R, Y) are the moment of inertia around the principal axes.
The vertical position of the CM is geometrically calculated to be

z = 21[ {(@+ hg + hOpby — x4)* + (y — hbp + hOrby — yg)Q}—}-;h (60 + 057) .
(A.4)
The non-diagonal parts in Eq. (A=3) and the terms of #y in Eq. (A=) are the
source of nonlinear transfer.
The Euler-Lagrange equation for the horizontal rotation 6y is

Iiygy—f—lyéy = —(IR—I}/>6POR—(IY—IP)HPQR‘F(]P—]R)QPQR—mh(ZEQP—f-yQR)

. (A.5)
The Fourier spectrum 6y is then given by
éy = Hy_lw [(IR — [y)ép * <w29~3> + ([Y — Ip) (wzép) * éR
—(Ip — IR) (U.]ép) * <w§R> + mh {(wQ:T:) *Op + (ngj) * éRH )
(A.6)

Wy ”

Here “x” denotes a frequency convolution between two Fourier spectrums.”
The nonlinearly introduced horizontal rotation is determined by the vibration
of two DoFs out of x, y, 0p and . By the definition of frequency convolution,

LFG)(f)= [T F(2)G(f — x)dx (F(f),G(f) : functions)
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large vibration at the resonance of each DoF is down-converted to be low-
frequency noise; e.g. #(1 Hz) and 6p(1.1 Hz) are convolved to be 6y (0.1 Hz).

x, y, Op and O are also derived from Eq. (ATl). The Euler-Lagrange
equations for them are

mg

mi = - (x + hOp — zy) — Ty, (A7)
mij = ==L (y—hbp —y,) — Ty, (A8)
Iplp = ml’m (y — hOp — y,) — mghfp — T plp, (A.9)
Ibp = _mgh (z + hlg — z,) — mghfr — Trg, (A.10)

l

where z, and y, are the translational seismic vibrations. Then the Fourier
spectrums for them are given by

8 fi” -
YT etk i
. 2
R R 2
i Ar? f,2 fr? f? .
Op ~ , A.13
T (i) (i) A
iy ~ i L (A.14)

Tl ) (s )

where f, and @), are the resonant frequencies and Q values for each DoF,
respectively. The resonant frequencies are given by

1 g 1 [mgh 1 [mgh
~ f,~— ~ [ —— ~ — [ —. (Al
fe=br=onrmn  Tr=opy g, o Je=gny7, - (A1)

The Q values are determined by the damping coefficients.

A.2 Calculation

The nonlinear noise can be calculated by using Eq. (A=) and (AT)-(ATT4).
Here some calculation results are shown as examples. The parameters for the
calculation are listed in Table A1, which are the similar order as Phase-III
TOBA. For the seismic vibration, assumed spectrums are show in Fig. A=
The red line is the measured vibration in Tokyo and the green line shows the
model spectrum. The introduced zx, y, 0p and 0 motions in case of the model
seismic vibration is shown in Fig. AZ3. To demonstrate the effect from the
resonant peaks (~1 Hz), vibration isolation around 1 Hz as the blue line is
tested.
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Table A.1: The parameters used for the calculation.

Parameter Symbol Value Unit
mass m 1.0 kg
moment of inertia (Pitch) Ip 0.23 x 107%  kg-m?
(Roll)  Ig 7.64 x 107®  kg-m?
(Yaw) Iy 758 x 107 kg-m?
length of wire l 0.3 m
suspension point height h 0.005 m
Q values QCE? Qy> QP? QR 10° -
resonant frequency X fo 0.912 Hz
y fy 0.901 Hz
Pitch fr 2.469 Hz
Roll fr 0.405 Hz
10"
model
10° - suppressed vibration (x0.1) i
N Tokyo g
T 10° ‘
z /
g ;
rg E N i N
é 1078 N ‘\\\
’ 10” S Y
-10
102 10" 10° 10’

Frequency [Hz]

Figure A.2: Amplitude spectral densities of seismic vibration. A model (green)
and the measured one in Tokyo (red). The blue line shows the case when the
seismic vibration is suppressed by 10 times around 1 Hz.

The calculated nonlinear vibration noise spectrums are shown in Fig. A,
For the model seismic vibration, the nonlinear noise is about 10~ rad/v/Hz
at 0.1 Hz, which is higher than the target sensitivity of Phase-IIl TOBA by
more than 6 orders of magnitude. Though the parameters are different from
Phase-IIT TOBA, the similar amount of noise can appear in Phase-III TOBA.
Therefore reducing this noise is essential for realization of scientific observa-
tions with Phase-IIT TOBA.
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Figure A.3: Translations and rotations of the bar under the model seismic
vibration.
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Figure A.4: Calculated nonlinear vibration noise spectrums for the model
seismic vibration (green) and for the suppressed vibration by 10 times around
1 Hz (blue). The grey line shows the target sensitivity of Phase-III TOBA.

A promising way to reduce the noise is suppression of vibration at the
suspension stage. When the vibration is suppressed by around 1 Hz, which
is close to the resonant frequencies, the nonlinear noise is reduced at every
frequency as shown with the blue line in Fig. [A=4. Thus the total noise level
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is determined by the contribution from the resonant peaks convolved with
nearby frequencies. Suppression of vibration by 10 times results in nonlinear
noise reduction by 10? times. This is because the amount of introduced 6y
is the product of two DoFs. Therefore vibration isolation by three orders of
magnitude is required to achieve the target sensitivity of Phase-III TOBA.
The requirement on the active vibration isolation system in Phase-III TOBA
(see Sec. BZ7) is determined mainly for this reason. Dependence on the other
parameters are discussed in the next section.

A.3 Approximation to analytical expression

To discuss the parameter dependence of the nonlinear vibration noise, an an-
alytical expression of the nonlinear vibration spectrum is derived by applying
some approximations to Eq. (A6). As Eq. (ATH) indicates, f, and f, has al-
most same value. Hence the convolution between f = f, of z, 6z and f = f,
of y, 8p has dominant contribution in the total nonlinear noise. Especially
(w2F) * Op term has the largest contributions since p is highest as shown in
Fig. 3.

Around f, and f,,  and 0p are approximated to

o 1. Hz\*

P(f) ~ foH_&f_F( 7 ) i,(1Hz), (A.16)
i A2 f,2 2 <1Hz>2 X

Op(f) ~ o (1Hz). A17
P(f) s ridf )\ 7 Jy(1Hz) (A.17)

Here we assume the seismic vibration Z, and 7, have the same amplitude spec-
tral density \/Ggeis(f) with independent random phase. The Fourier spectrum

Zg, U, are related to the spectral density \/Gieis(f) as

[T | T ==
i'g(f) = @ Gseis(f)ezex(f)a gg(f) - @ Gseis(f)eley(f)7 (A18)

where 0,(f) and 0,(f) are the random phases, and T is the length of the
timeseries. The convolution (w?%)*0p can be approximated by the contribution
from the integral around fo = (f, + f,)/2 as

(w?z) * Op(f)

_ o) T o)

g 872
2 2
/fo+Af fa Jy 10 (=) +0,(0) g
fo—Af fxz_i_i&(f_a)—(f—a)ny2+@'£—2a—a2

(A.19)
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where Af is the frequency range of integral. The integral range can be ex-
tended to [0, oo] since the integral function has small value outside [fo—Af, fo+
Af]. Moreover, due to the randomness of the phase 6,(f — a) + 0,(«a), the
integral has a shape of Fourier transform of Af(a)e®®® where

f? 1
Ar(a) = , A.20
(@) ff—i—i&(f—oz)—(f—oz)2fy2+i£—1;a—a2 ( )
O(a) = 0.(f —a)+0,(a)— at. (A.21)

6(a) is also a random phase. Then (w?%) * fp has a mean power of

(b}~ Z o ()

Here the (-) in the right hand term is the power of the timeseries ‘}".7’. [Af(a)eie(a)] ’
Hence it is identical to an integral of the corresponding power spectrum as

<]f.’r. [Af(a)e @] f>

= /OOO 8T7T2 ’Af(oz)eie(o‘)‘2 da

_ 8r2 oo JRYx .
T Jo ’fz2+i%(f—a)_(f_a)gf)fyz_‘_i&a_QQ‘Q

~ 87 7Q fo° < 1 1 > A

ST AN —2he e AP

Here Q = Q, = Q, > 1 and [f, — f,| < fo are assumed for simplicity.
Therefore the amplitude spectral density of (w?Z) * p is obtained from Eq.
(A=) and (A=22) as

G = |5 (00

_ (2m x 1Hz)* , 7Q fo? ( 1 1 )
g el )J G—1h— R\ =200 " (F+2h))

(A.23)

By multiplying mh/|ky — Iyw?|, this gives an approximated formula of non-
linear vibration noise (Eq. (A)).

Fig. A3 compares the noise level calculated from Eq. (A6) and the one
approximated by Eq. (A=23). The approximated formula agrees well to the
calculation below 0.2 Hz. Above 0.2 Hz, the convolutions between different
combinations of the resonant peaks has larger contributions.
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Figure A.5: Comparison between calculation and approximation Eq. (A=23).

Dependence on pendulum parameters

Eq. (BA=23) shows clear dependences on G5, @@ and fo. The dependence on
the seismic vibration Gy is already discussed in the previous section. For the
pendulum parameters, smaller () and f; give lower noise levels. The damping
of pendulum’s translations or Pitch/Roll rotations directly affects the noise
level in the torsion pendulums, while they are not the target DoFs. Note that
to implement the strong damping to the pendulum, a careful mechanical de-
sign is essential to avoid the damping of Yaw rotation, which introduce the
thermal noise in the main observation DoF'. Using longer suspension wire to
decrease the resonant frequency is also effective to suppress the nonlinear noise.
However, we cannot expect sufficient noise suppression in this way since the
length of the wire cannot be changed so much considering the realistic imple-
mentation. Thus, though the nonlinear noise can be suppressed by modifying
the pendulum parameters, reducing the vibration of the suspension stage is
more effective and essential.



Wavefront

Sensing with Coherent
Angular Signal
Amplification

In this appendix, the principle of the new angular sensor for TOBA is ex-
plained. The proposed method is to amplify the angular signal with an optical
cavity. An optical cavity can amplify the incident electrical field when it meets
the resonant condition. Then tilt of the cavity mirror converts the mode of
resonating laser to the higher order mode. Though the converted higher order
mode does not resonate in an ordinal cavity, some modification of the cavity
enables the resonance of higher order modes, so that the angular signal is am-
plified. Such an idea is explained here. Detailed calculations of noise spectrum
which is plotted in Chapter B are also shown here.

B.1 Principle

B.1.1 Gaussian beam

Spacial modes of a laser beam can generally be expanded with Hermite-
Gaussian (HG) modes. Derivation of the HG modes is described in standard
textbooks about lasers (see e.g. [02]). The electric field E(x, t) of a laser beam

153
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propagating along z-axis is expressed as

E(az,t) = ZElmUlm(w;t); (Bl)
l,m

o) = | gt (15) - (55

2, 2 2, 2
exp <z’(w0t — k) — zk”;;(j) Fi(l+m+1)C(z) — “””wj(;; ) :
(B.2)

where
Zp = 7r)\w(2) (Rayleigh range), (B.3)
w(z) = woy/l+ <;>2 (beam radius), (B.4)
R
R(z) = =z (1 + <?>2> (radius of curvature), (B.5)
((z) = arctan (;) (Gouy phase). (B.6)
R

wy is the beam radius at the beam waist, where the radius is minimum. X\
is the wavelength and k& = 27 /X is the wave number. H;(z) is the Hermite
polynomials, which are

Hi(z) =1, Hy(x) =2z, Hy(z)=42>-2, .. (B.7)

Upm is called HGy,, mode. As Eq. (B3) shows, the phase of the higher order
mode differs from the fundamental mode Uy by (I + m)C.

According to the recursion formula of the Hermite polynomials, U, con-
verts

xUp = wgz)e_ig(z)Um, (B.8)

«TUIO — ’LU(Z) eiC(z)UOO 4 w(z)

—i((2) B
9 \/5 € UQO, ( 9)

and so on.

B.1.2 Conversion of spacial modes by reflection

When the wavefront of the laser beam and the surface profile of the mirror is
not identical, reflected beam has different expansion coefficients FEj,, from the
original beam. Here only HGyy mode and HG;y mode are taken into account
for simplicity. As the simplest case, reflection at the beam waist on a tilted
flat mirror as depicted in Fig. B is considered. The origin of coordinate
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Figure B.1: Reflection of laser beam by a tilted mirror.
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Figure B.2: An optical cavity

is set at the mirror surface, hence w(0) = wy. When the mirror is tilted by
A < 1 around the y-axis, the reflection induces phase delay of 2kxf). Then the
reflected beam is

E.(z,y,0,t) = E;i(z,y,0,t) exp (2ikx0) ~ E;(z,y,0,t) (1 + 2ikxz0). (B.10)
From Eq. (B) and (BX), the expansion coefficients of E; and E, are converted

HG1y mode is generated from HGgy mode in proportional to the tilt angle 0
and the beam radius wg.

B.1.3 Coherent angular signal amplification with an op-
tical cavity

Overview of an optical cavity

An overview of an optical cavity is introduced. An optical cavity, or Fabry-
Perot cavity consists of a pair of facing mirrors as Fig. BZ. Here incident
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HGgg mode beam which has an amplitude of FE; is considered. The wavefront
of the laser beam is assumed to be identical to the mirror surface. Letting rq,
t1, 79, to as the amplitude reflectivity and transmissivity of the front mirror
and the end mirror. L is the cavity length as shown in Fig. BZ. In the
following discussions, loss or absorption of the cavity is ignored for simplicity,
hence t? +r? = 1 is assumed. The reflection field E,, the intra-cavity field £,
and transmission field E; can be written as

E, = —rmE + t1T2€i¢cEc, (Bl?)

E. = tHE;+rrekE, (B.13)

Et = t2€i¢c/2Ec, <B14)
AL

¢c = _% + Cca (B15)

where (. is the round-trip Gouy phase of the cavity. Then they can be calcu-
lated to

t2r2€i¢>c
E, = |- 1= __|E, B.16
( T+ 11— T17‘261¢0> ( )
E. - — 1 _p (B.17)
N T O '
t1toei®e/2
E, 112 (B.18)

- -7 1;.
1 — ryryeide

(B.19)

When the mirrors have high reflectivity, r, ~ 1 and r, >~ 1, E, is amplified
under the condition of ¢, = 27n (n : integer). This amplification is called
“resonance” of the cavity, which is characterized by the finesse of the cavity
defined as

F= v (B.20)

1-— 172 .
Using F, the intra-cavity field can be approximated to

1
1—(1—mn/F)ei¢e

E. (B.21)

F determines the maximum amplification factor and the sharpness of the res-
onance condition.

HG,y mode in a cavity

When one of the mirrors is tilted by 6, reflection at the mirror converts the
modes as shown in Eq. (BI). Here the behavior of HGyy mode generated
inside the cavity by a tilted mirror as Fig. B33 is investigated. The problem
can be solved by replacing the field E;, E., F, and F; with the corresponding
vectors of the mode coefficients as used in Eq. (B). Taking into account the
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front mirror end mirror

Figure B.3: An optical cavity with a tilted mirror.

Gouy phase difference between HGgy and HGqp, and the conversion between
the modes (Eq. (B)), the equation for the intra-cavity mode coefficients is
given by

(EC()):t(EiO)—FTT( 1 ika0><€i¢c 0 )(EC())

E. W 2\ ikwed 1 0 eilPetco) E. |
(B.22)

When the incident field contains only HGgg mode, i.e. F;; = 0, the solution

for B is
tl(l — 7’17’2€i(¢c+<c))

0 (1 _ T1T2€z¢c)(]~ _ T1r2€Z(¢C+CC)) + (TlTQk'LUO)2€7’(2¢C+CC)62 6 )

i1

~ g, B.24
1 — ryroeive 0 ( )
which corresponds to Eq. (BI1), and for E, is
—itﬂ’l?“gkwoewce
1 (1 — ryrgeide)(1 — 7~17a261(¢c+Cc)) + (rlr2kwo)2ez(2¢c+cc)92 { )
~ T toc Ei()- (B26)

(1 — ryrgei®e) (1 — ryrgei(®etie))

As indicated in Eq. (B), HGyo mode is generated inside the cavity in pro-
portional to # and wy. FE.; contains double amplification factor (1 — rlrgei%)*l
and (1 — ryree’®+¢e)) =1 The first amplification (1 — rjrye®e)~! is because of
the amplification in E., which is converted into F.;. The second amplifica-
tion (1 — ryree’®t¢))=1 is the effect of the cavity on the HGyy mode. When
the phase satisfies ¢. + (. = 27n (n : integer), the HGo modes generated by
reflection in each round-trip are coherently stacked and amplified. This is the
basic principle of the coherent amplification of angular signal.

In a normal linear cavity, however, the two resonance conditions ¢. = 27n
and ¢. + (. = 2mm (n, m : integer) are difficult to satisfy at the same time.
This is because of the Gouy phase difference (. between HGgy and HG;y mode.
As defined by Eq. (BH), the Gouy phase takes a value from —x/2 to 7/2.
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front mirror fold mirror
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Figure B.4: A folded cavity configuration for angular signal amplification.

Hence the Gouy phase difference between two points along the laser beam
can take a value between 0 and 7, therefore the round-trip Gouy phase delay
inside the cavity is 0 < (. < 2m. This indicates that when ¢. = 27n, then
¢ + (. # 2mm. Though it is possible to set (. very close to 0 or 27, it needs
a kind of extreme configuration such as two flat mirrors at very close distance
or two spherical mirrors at very long distance. Thus some modifications of the
cavity configuration are required to coherently amplify the angular signal E,;.

B.1.4 Configurations for coherent angular signal ampli-
fication

Here two possible configurations which can amplify the HG;p mode inside the
cavity are proposed.

Folded cavity configuration

The simpler way is to fold the beam with a curved mirror as Fig. B4 to make
another beam waist inside the cavity. The Gouy phase delays from the waists
to the mirrors, (i, (3 and (3, can take a value between 0 and 7/2, hence it
is possible to set the sum of them to 7 by choosing a proper geometry of the
cavity. In this case the round-trip Gouy phase is (. = 2(¢; + & + (3) = 2,
then the angular signal (Eq. (B2H)) is amplified.

Coupled cavity configuration

Another possible way is to replace the second mirror of the cavity with a
cavity as shown in Fig. BXH. The additional cavity, or the auxiliary cavity,
has different reflection phase for HGgy and HGiy modes. This is because the
reflected field Eq. (BTH) depends on the round-trip phase inside the cavity,
which differs for HGyy and HGyg by (.. The reflection phase difference ¢, is
added to the second factor of the denominator in Eq. (B2H). By adjusting ¢,
to compensate the Gouy phase delay, the resonance conditions for HGgy and
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Figure B.5: A coupled cavity configuration for angular signal amplification.
The reflectivity for HGyy mode ryo differs from that of HGgg mode 7qp.

HG1g modes can be satisfied at the same time as ¢. = 27n and ¢. + (. + ¢, =
2tm (n, m : integer). ¢, can be changed by detuning the auxiliary cavity.

B.1.5 Measurement of H(G; mode
It can be derived that

Uo()(fff,y, Z) + aUlO(x’ya Z) = UvOO('r + CLU)(Z), Y, Z) <B27)

which means that the real part of HGy mode displaces the center of HGgg
mode. Therefore a beam position sensor such as a QPD (quadrant photo diode)
can measure the HG;y mode amplitude through the beat with the HGyy mode.
In the similar way, the imaginary part of HG;y mode tilts the wavefront of the
HGgg mode. Tilt of the wavefront, or the difference of phase delays at +x and
—x, can be measured by modulating the input laser phase and demodulating
the QPD signals.

B.2 Fundamental noise sources

In order to evaluate the performance of the sensor, quantum noise and thermal
noise are calculated here. These are known as the fundamental noise in the
laser interferometric gravitational wave detectors which use HGyy mode for
length sensing. Here the noises are calculated for HGyy mode field in out
cavity for angular sensing.

B.2.1 Quantum noise

Quantum noise originates from the fluctuation of vacuum field. Quantum
noise in angular sensing is investigated in [93]. Here the calculation is applied
for our system. Since the target is the angular fluctuation, quantum vacuum
fluctuation of HG1y mode is taken into account. In the following discussions,
the motion of the mirrors are assumed to be slow, hence the reflection of the
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mirror does not change the frequency of the field. The cavity consists of a flat
front mirror and a curved end mirror as shown in Fig. BZ3. Tilt of the front
mirror is targeted to measure.

Consider an incident beam FE; which is dominated by HGgy mode. The
electrical field operator can be written as

E, = B+ (B, (B.28)

~ hw ~10 _ ;~10 ) ) )
E5) = ‘/FZ (Diuoo+ ‘H\/g%uloez«z) gi0(t=2/)+id(2)
0

(B.29)
where
~ dsl, —Q(t—=z/c
ity = [ Soalhy(@)e 2o, (B.30)
~10 Q) ~10 -0 T
av() = 4t J(/-(Qa o Z )7 (B.31)
X 0" (wo + Q) — (@ (wo — Q)
a’(Q) = NGt : (B.32)
Here a'°(w) is the annihilation operator of HG1y mode at frequency w. ai%(2)

and a3°(Q) are defined about the sideband frequency €2, which is centered
to the laser frequency wy. The incident power P; is associated to the field
amplitude D; by P; = hwoD?.

The reflection and amplification of the cavity can be calculated in the same
way as Eq. (B223). When a cavity satisfies both resonance conditions for HGgg
and HGyy, the intra-cavity field is

. hw alo —al . .
() — [0 (e Y TR i) | giso(t-2/0+iC(2) B 33
c 460 ( c 00 \/5 10 (7 )
t
D, = 1—}—Di, (B.34)
m

woD.0. (B.35)

A10  :a10 Emlo ~A10)+Z~f2\/§7
T

Here 1 — ryry ~ w/F is used. The tilt angle 6 is the sum of the target angle
to measure 0, and angular fluctuation induced by the vacuum fluctuation. In
the frequency space,

0(€) = 05(2) + Nraa ()X (€2), (B.36)

where x(2) is the mechanical response about the rotational mode, which is
given by Eq. (BOR) for a torsion pendulum. The radiation pressure torque
N,.q from the vacuum fluctuation is

Nrag = 860/dl‘dy ($|Eé_)|2)

20V2rht
- V;W B D wa. (B.37)
N
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For simplicity, the reflectivity of the end mirror 75 is set to 1 below. In this case

t1 = /27 /F, therefore the reflection HG;9 mode 13%?2) in frequency domain is
given by

T 44/3 40/2
plo _ jhlo — i\/\/_Di]-"wo (05<Q)+\C1Difwox(9)&}°<ﬂ)
A 1 ~10 -A~10
A b 0 0) ).
12 D 2 () T iAr(€)

(B.38)

The second and the third terms become noise in measuring 5. Here the
following functions are defined :

Osqu(€2) = /20X ()], (B.39)

k() = 9L r22 () (B.40)

TCA

Then the noise terms are expressed as

0,(Q) = HS‘%Q)

( K(9)a;°(2) + (&%O(Q)Jrz'&io(()))). (B.41)

K(Q)

The noise depends on which quadrature of HG;g mode to measure. When the
imaginary component b is measured, the noise spectrum is given by

. QSQL 1
Squantum(f) - \/§ |lC(f)| + |lC(f)|, <B42)

using Eq. (B339) and (BH0). Here the vacuum is assumed to be the coherent
state, therefor 4% and ai° are independent stochastic fluctuation. Then power
spectral density for al® and al® are 1. The first and the second terms inside the
square-root are the shot noise and the radiation pressure noise, respectively.
In this case, 0sqr, gives the lower limit of the quantum noise, because the shot
noise and radiation pressure noise are in trade-off relation. This is why Ogqy, is
called as a standard quantum limit. Note that fgq, is not the absolute limit
of measurement. It can be overcome by choosing the readout quadrature or
modifying the vacuum field to a squeezed state [62].

B.2.2 Mirror thermal noise

The thermal fluctuation of a mirror substrate can produce a local angular fluc-
tuation of the surface. The effect of thermal fluctuation on the translational
sensing of interferometer using Gaussian laser beam (HGgo mode) was calcu-
lated by Y. Levin [60]. Here the effect on the angular readout (HGy9 mode) is
calculated in the same manner.
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The angular change of the mirror surface is measured via the HGyy mode
in the reflected HGgy beam. The relation between the coefficient of the HG1q
mode term and the angle of the surface is derived in Eq. (BTI). In general,
when the surface of the mirror has a displacement z(z,y,t) along the normal
vector, the corresponding angle 0(t) is given by

o(t) = jo / dr o (2, y oo (z, )2 (z, y, 1), (B.43)

where uy,(x,y) is defined as the real part of Uy, (Eq. (B2)) on the mirror
surface. The interaction term in the Hamiltonian of the mirror is

Hin = —N(£)0(t) = — / dr P(z,y,)2(z,y,1) (B.44)

where N(t) is the generalized torque corresponding to the measurement target
0, and P(z,y) is the applied pressure on the surface at (x, y), which is expressed
as

Pla.y.t) = - N{t)ulo(e. yuso(z. ). (B.45)

According to the fluctuation-dissipation theorem, thermal fluctuation of
is determined by the dissipation of the system. Specifically it is described with
the real part of the admittance Y (f) = iwf(f)/N(f) as

[Re[Y ()], (B.46)

where Sy is the power spectral density of the fluctuation of 6.
When an oscillating torque N(t) = Nysin(27 ft) is applied, dissipated en-
ergy Wiyiss 18 given by

Waiss = N(1)0(t) = Ng |Re[ (H)]I- (B.47)

On the other hand, the dissipated energy is expressed with the maximum
elastic deformation energy U,,q. as

Wdiss = 27rfUmax¢sa (B48)

where ¢, is a loss angle of the mirror substrate, which is defined as the imag-
inary part of the Young’s modulus normalized by the real part. From Eq.
(B227) and (B48), the thermal noise spectrum can be rewritten as

4]{;B,—T Umax
B4
7Tf ¢S ( 9)

Below the lowest resonant frequency of the internal modes of the mirror,
which is typically a few kHz, Uyax is given by the static deformation when
a static pressure Py(z,y) = %Noufo(x,y)uoo(x,y) is applied on the surface.

So(f) =
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Assuming the mirror is sufficiently larger than the beam size, then the Green’s
function of the mirror is given by
1—0v2 1

G(r,r') = e et (B.50)

where v, and F, are the Poisson’s ratio and the Young’s modulus of the mirror
substrate. Therefore U,y is

1
Umax = */dTPO z y)Z(l’ y)

—v2 Py(x',y)
= = [drpy /d
2/ rBlzy " By |r—7|

32(1 - I/ XX’ 2 pr2
= =/ [ dRIR ———— ¢ MHET) B.51
3 E, w%/ |R—R’|e ( )
Here R = (X,Y) = r/wy. The integral part is numerically calculated to be
XX’ 2, pr2 7T5/2
dRAR ¢ 2R ~ = B.52
/ R-_R|" 64 (B:52)

Substituting Eq. (B31) and (BXh2) into (BZ9), the amplitude spectral
density of the angular thermal fluctuation is given by

I~ 2kgT 1 — 12 ¢
Sﬁ(f) = \/ﬂg/B;f ESVS ,Zii% (B53)

0

Comparing to the translational thermal fluctuation

which is derived in [60] or [61], Eq. (B33) is equivalent to the differential
translational fluctuation at two points separated by a distance of 2wy, each of
which is measured by a beam with radius of wg/2.

/Se \/ fiwo/2). (B.55)

The energy dissipation in the coatmg layer on the surface of the mirror is
taken into account based on the equivalence Eq. (B35H). Thermal noise of
coating layer for HGyy mode can be described as an additional loss angle in
Eq. (B34) [61]. Hence the angular thermal noise of HGjg mode is given by

Eq. (B33) with /S, (f) for modified loss angle. Then the total thermal noise
of the mirror about HG;y mode is

nT 1 — 12 e
o) — J pT 1= vl e (B.56)

7T3/2f Es w}

= 2d. [ Ee(1+v,)(1 = 2v,)? (1+v.)(1-2u)
Cbmlr = ¢s + ﬁwo (Es (1 — I/s)(l — VC2> (1 )(1 _ Vc) ) ¢c>
(B.57)

E;
E.
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where subscript s and ¢ denote the substrate and the coating, respectively. d.
is the thickness of the coating layer.

B.3 Technical noise sources

Here some merits of the proposed angular sensor are explained.

B.3.1 Beam jitter noise

The displacement or the tilt of the laser beam are called beam jitter. They
can be expressed as the incident HGjy mode Ej;; in Eq. (B222).

When both resonant conditions for HGyg and HGg modes are satisfied, the
HG1y mode amplitude in the reflection field of the cavity is given by solving
Eq. (BdI2) in the same way as Eq. (BZ22).

t2riry —r1 + 7o
E,=—Y"° ikw,HE, —F;. B.58
! (1 — T1T2)ZZ o 0 + 1-— T1T2 ! ( )

The first term is the tilt signal of the mirror generated inside the cavity, and
the second term is the incident jitter. As an order estimation, t3 ~ w/F,
ri~=1—12/2 and ry —ry ~ 7/ F give

Erl ~ ‘:Z/{Zwerlo + Eﬂ, <B59)

which indicates the beam jitter term is not amplified while the tilt signal is
amplified by F. This is because the tilt signal is generated from the intra-cavity
HGgy mode which is amplified by the cavity. Therefore coherent angular signal
amplification method can increase the signal-to-noise ratio against the beam
jitter noise.

Additionally, by setting r; = ry (critical-coupled cavity) for HGyq mode,
the beam jitter term vanishes at the reflection port, which enables the beam
jitter free angular sensor. Note that such an option is possible only when the
reflectivity can be set independently for HGgy mode and HG1y mode. This is
because when r; = ry is satisfied for HGgg mode, all of HGgy beam transmits
through the cavity, hence HGyy mode signal cannot be measured via the beat
with HGgy mode at the reflection port. The coupled-cavity configuration solves
this problem since the reflectivity of the auxiliary cavity (Fig. BJ) can be
chosen independently for HGgy and HG1¢ modes.

B.3.2 Frequency noise

Frequency fluctuation basically does not appear in the angular signal, since
the fluctuation is spatially uniform in the cross section of the beam. This is
an advantage over a Michelson interferometric angular readout which use two



B.4. Comparison to a Michelson interferometer 165

target
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2w,

Figure B.6: Comparison of two angular sensing; an optical cavity (left) and a
Michelson interferometer (right).

separated laser beams. In a Michelson interferometer, the asymmetry of the
beam path length introduces the frequency fluctuation as the angular signal
noise.

B.3.3 Translational coupling noise

Although translation of the mirror along the reflection surface ideally does not
generate angular signal, a curvature of the surface introduces the coupling from
it [21]. Hence by using a flat mirror for one of the cavity mirrors, the coupling
from translations can be suppressed. Ultimately the amount of coupling is
determined by the profile of the mirror surface in the scale of the beam size.
It is possible in principle to find a locally flat point on the surface where the
translational coupling vanishes.

B.4 Comparison to a Michelson interferome-
ter

Here the proposed new angular sensor is compared to a Michelson interfer-
ometer, which is another sensitive interferometric angular sensor. Michelson
interferometers have been used for angular sensing in the previous prototypes
of TOBA so far. Two angular sensing methods are depicted in Fig. BG. The
new method amplifies the angular signal generated by a mirror, hence one of
the cavity mirrors is attached on the measurement target. For an angular sens-
ing with a Michelson interferometer, two mirrors are attached on the target
separated by D, then the angular fluctuation is calculated from the differential
translation between the reflection points.

As mentioned in Sec. B2, the angular sensing using HG;q mode in the
cavity is equivalent to the translational sensing at two points separated by
the beam diameter 2wy. Though the beam diameter is usually much shorter
than the separation in the Michelson interferometer D, the amplification of
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Figure B.7: An experimental setup for a demonstration of coherent angular
signal amplification using a folded cavity.

the cavity can compensate the difference. In other words, when 2w F ~ D,
both of the sensing methods can acquire the same amount of angular signal.

In terms of noise, each sensing method has merits and demerits as men-
tioned in the previous sections. The quantum noises are in the similar levels
for the two sensing methods since their signal levels are similar. On the other
hand, thermal noise is smaller in the Michelson interferometer according to
the larger separation of the beams : D > 2wy. The optical cavity method has
merits in some technical noise. The frequency fluctuation does not become
a noise in the optical cavity, while the Michelson interferometer is suffered
from it via the asymmetry of the beam. Additionally, the use of the single
beam for the cavity method can provide an easier reduction of translational
coupling, because placing two mirrors in parallel at separated points for the
Michelson interferometer is technically hard. Though it is possible to polish
the whole surface of the target to make it parallel at two reflection points,
technical difficulty rises as the size of the target increases.

In summary, when the mirror thermal noise is sufficiently small, coherent
angular signal amplification with an optical cavity can provide some technical
merits compared to a Michelson interferometer.

B.5 Experimental demonstration

Here an experimental resluts on the angular signal amplification with an optical
cavity is reported. The folded cavity configuration is used for the experiment.
The setup is shown in Fig. B7. The length change of the cavity was measured
by PDH method using the EOM (electro-optic modulator) and the RFPD
(Radio frequency photo detector). Then the cavity was locked at the resonant
point of HGgp mode. One of the cavity mirrors (a target mirror) was shaken
with PZT actuators on the mirror, to measure the angular signal by a QPD
at the reflection port. The QPD reads the DC signal and modulated RF (15
MHz) signal, which correspond to the real part and the imaginary part of HG1q
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Figure B.8: Measured angular responses vs the Gouy phase of the cavity. The
purple points are the response to the cavity mirror, and the green line is the
theoretical line for it. The blue points are the response to the beam jitter,
whose amplitude is scaled by the beam radius at the jitter injection mirror.

mode generated from the cavity, respectively. During the measurement, the
tilt angle of the mirror is monitored with the optical lever (oplev) at the same
time for calibration.

The Gouy phase of the cavity was adjusted by changing the positions of
the mirrors. The correspondence between the positions of the mirrors and
the Gouy phase was calibrated by scanning the length of the cavity. The
separations of resonant points of HGgg mode and higher order modes is the
Gouy phase. The cavity scan was performed at off-resonant points of HGqg
mode, where the modes are separated enough to determine the Gouy phase.
Around the resonant point of HGyg mode, the Gouy phase of the cavity was
interpolated from the measurement at nearby points. The finesse of the cavity
was measured at the same time, which was F = 122 + 5.

Fig. BR shows the measured angular response of the folded cavity in unit
of the differential power of the laser between the segments of the QPD. The
theoretical line inferred from the measured finesse, the beam profile and the
output power is also plotted in the figure. As expected from the theory, the
angular response is amplified when the Gouy phase becomes 27. The amplifi-
cation factor is also agrees with the theoretical curve within the measurement
error. The responses to the beam jitter injected by shaking the mirror be-
fore the cavity (the “jitter injection mirror” in Fig. B) are also plotted with
blue circles in Fig. BX. In contrast to the cavity mirror, the response is not
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amplified as expected.
In summary, this experiment has confirmed the basic principle of the co-
herent angular signal amplification with a folded cavity.
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Figure C.1: A trans impedance circuit for the QPDs of the beam jitter moni-
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Appendix C. Circuit Diagram
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