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Overview

I would like to discuss the configuration of
Phase-III TOBA for my Ph.D. thesis

First part: comparison of the readout optical
systems

Second part: requirement of the suspension
system

I omit the introduction of TOBA because there
are no M1 students
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® Comparison of the readout optical systems



Comparison of optical systems

® | summarized these considerations with two slides
for each optical system
® We will come back to this table at the end

Unit: . CWFS,
[rad/J/Hz] Oplev MI PRMI FPMI QI Cavities | WFS FWES
Shot noise | 2x10712 | 2x10°15 [ 5x10°16 [ 4%x10°18 | 2%x10°15 | 4%x10°18 | 1x10°11 | 7x10-14

Trr‘gg;a' 7x107 | 1x1017 | 1x1017 | 1x1017 [ 1x1017 | 1107 | 7x1017 | 7x10°17
Seismic . ) ] ) ) ) No No
coupling 2x10°12 | 2x10°13 | 2x1013 | 2x10°13 | 2x10-13 | 2x10-13 coupling | coupling
Numbers 1 6 10 11 11 8 5 6
of optics polarizing
PD QPD PD PD, PD, 3PD 2RFPD | RFQPD | RFQPD
RFPD RFPD
Shoda-
Experience | Shimos san, Aritomi | ANU, : :
in Ando d-san’s | Shimod | -san’s | Nothing Okada Takano- Nothing | Nothing
, san p
Lab D a-san’s M san’s D

M




Optical lever

® Shot noise:

1

mw | hc
shot — =2 1 —12 v H
00 hot o, QAPO x 10 I'Ebd/ Z

Beam radius at QPD: w = 300 ym
Arm length: L =30cm
Laser wavelength: A =1pum
Input laser power:  Fp = 10mW

® Thermal noise (mirror substrate):
2kpT 1 — 12 ¢ Iy
59thermal — \/W?’/Qf Es e =7 % 10 rad/v Hz
f=01Hz w=100pm T =4K

Substrate: fused silica  Young’s modulus: Es = 7.4 GPa
Poisson’s ratio:  vs = 0.17
Loss angle: by = 107°




Optical lever

— ® Seismic coupling:

I Qinc _
50uuis = S”;L §26isCMRR = 2 x 10~ "2 rad/vHz

Incident angle: 0inc = 1mrad

Arm length: L =30cm

Translational seismic noise:
O sois = 1077 m /v Hz

Common mode rejection ratio
between TM and OB: CMRR =1/100

® Numbers of optics: 1 mirror (only essential optics. Of course,
some mirrors or BS are needed)

e PD: 1 QPD



Michelson interferometer

1 1 ® Shot noise:
1 [heh .
598h0t 5T, P =2 x 10~ rad/v
+
Arm length: L =30cm

Laser wavelength: A =1pum
Input laser power:  Fp = 10mW

® Thermal noise (bar):
A4kgT Opar

69therma1 \/ kB gbb =1x10" 17 ra,d/v
L w  pws

B 4.8: HBRYAD 2 RODE—F
T=4K w =21 x 0.1 Hz bear — 10_6 Aritomi-san’s master thesis

Frequency of second mode: wo = 2w x 10kHz
Reduced mass of second mode: 1 = 0.3kg




Michelson interferometer

— — ® Seismic coupling:

Qmir _
08scis = —0%acis CMRR = 2 x 10 3 rad/vHz

Angle of two mirrors: Omi, = 10~ °rad
Arm length: L =30cm

Translational seismic noise:
6Zseis = 5 X 107 m /v Hz

Common mode rejection ratio
between TM and OB: CMRR = 1/100

« Cannot meet the requirement
— discuss in the next section

® Numbers of optics: 5 mirrors, 1 BS

® PD:1PD



Power recycled MI

— — ® Shot noise:
1 he
— — 1 —16 H
598h0t o WGPO 5 x 10 I'ELd/\/ Z
Arm length: L =30cm

Laser wavelength: A =1pm
Input laser power: £ =10mW
Power recycle gain: G =10

® Thermal noise (bar): same as MI

1 4kpT dpa B
69thermal — L\/ B gbb 5 =1 x 10 17 rad/v Hz
w /,Lwo

T=4K w =27 x 0.1Hz Obar = 107°
Frequency of second mode: wo = 27 X 10 kHz
Reduced mass of second mode: 1 = 0.3kg



Power recycled MI

— — ® Seismic coupling: same as MI

Qmir _
08scis = —0%acis CMRR = 2 x 10 3 rad/vHz

Angle of two mirrors: Omi, = 10~ °rad
Arm length: L =30cm

Translational seismic noise:
6Zseis = 5 X 107 m /v Hz

Common mode rejection ratio
between TM and OB: CMRR = 1/100

® Numbers of optics: 6 mirrors, 2 BS (1 for PDH), 2 lenses

® PD: 1RFPD, 1PD



Fabry—-Pérot MI

— — ® Shot noise:
12 he
shot — =4 1 —18 d H
J: W Oshot = g\ 7, = 210 rad/VHz
> Arm length: L =30cm

Laser wavelength: A =1pum
Input laser power:  Fp =10mW

Transmittance of
front mirrors: > =1% (End: 0%)

® Thermal noise (bar): same as MI

1 [4kpT duar ~
59thermal — \/ B be 5 — 1 x 10 17 rad/v Hz

L W WG
T=4K w =271 x 0.1Hz Obar = 107°
Frequency of second mode: wo = 2w x 10kHz

Reduced mass of second mode: 1 = 0.3kg



Fabry—-Pérot MI

— — ® Seismic coupling: same as MI

Qmir _
! ’/Z|:| !> 08scis = —0%acis CMRR = 2 x 10 3 rad/vHz

Angle of two mirrors: Omi, = 10~ °rad
Arm length: L =30cm

Translational seismic noise:
6Zseis = 5 X 107 m /v Hz

Common mode rejection ratio
between TM and OB: CMRR = 1/100

+

® Numbers of optics: 7 cavity mirrors, 2 BS, 2 lenses
® PD: 1RFPD, 1 PD



Quadrature interferometer

— — ® Shot noise: same as MI

1 he _
0shot = 57 B 2 x 10~ *° rad/vHz

\S . Arm length: L =30cm

AWPER o Laser wavelength: A =1pm
E ) Input laser power: Py =10mW

QWP
® Thermal noise (bar): same as MI

1 [4ksT b )
59thermal — L\/ B ¢b 5 — 1 x 10 17rad/v Hz
W pw§

T:4K WZQWXO].HZ qbbar:]-o_6
Frequency of second mode: wop = 27 X 10 kHz
Reduced mass of second mode: p = 0.3kg



Quadrature interferometer

— — ® Seismic coupling: same as MI

Qmir

08scis = —7~0%scis CMRR = 2 x 10~ rad /v Hz

Angle of two mirrors: 6, = 10~ °rad
S . Arm length: L =30cm

HWP [ | : L :
PBS Translational seismic noise:
) 6Zseis = 5 X 107 m /v Hz
QWP Common mode rejection ratio

between TM and OB: CMRR = 1/100

C

® Numbers of optics: 5 mirrors, 1 BS, 3 PBS, 1 QWP, 1 HWP
® PD: 3PD



Differential Fabry—Pérot cavities

y Y ® Shot noise: same as FPMI

1 1

12 he)
! | shot = — 4 x 10~ ¥ rad/VH
00 hot 3L 7TP0 X ra / Z
Arm length: L =30cm

Laser wavelength: A =1pum
Input laser power:  Fp =10mW

Transmittance of
front mirrors: > =1% (End: 0%)

® Thermal noise (bar): same as MI

1 [4kpT duar ~
59thermal — \/ B be 5 — 1 x 10 17 rad/v Hz

L W WG
T=4K w =271 x 0.1Hz Obar = 107°
Frequency of second mode: wo = 2w x 10kHz

Reduced mass of second mode: 1 = 0.3kg



Differential Fabry—Pérot cavities

\” \’ ® Seismic coupling: same as MI
— — §0seis = %MSGBCMRR =2 x 107"’ rad/vHz
! ! Angle of two mirrors: Omi, = 10~ °rad

Arm length: L =30cm

Translational seismic noise:
6Zseis = 5 X 107 m /v Hz

Common mode rejection ratio
between TM and OB: CMRR = 1/100

® Numbers of optics: 4 mirrors, 2 BS, 2 lenses
® PD: 2 RFPD



Wavefront sensor

Y ® Shot noise:
1 2he
1 1
00shot = —1x10 d/vVH
hot 8J0J1w P() % ra / /
Jog =1 J1 = 0.05
Beam radius: w = 300 pm

Laser wavelength: A =1pm
Input laser power: £ =10mW

® Thermal noise (mirror substrate): same as oplev

2%kpT1—v2 ¢s .-
(Sgthermal — \/W?’/Qf ES 'UJS =7 % 10 rad/v Hz

f=01Hz w=100um T =4K

Substrate: fused silica  Young’s modulus: Es = 7.4 GPa
Poisson’s ratio: Vs = 0.17
Loss angle: bs = 107°



Wavefront sensor

® Seismic coupling:

« In principle, no coupling by using a flat mirror and
sufficient PDH (length) control

« Non-linear coupling?

® Numbers of optics: 2 cavity mirrors, 1 BS, 2 lenses
® PD: 1 RFQPD



Coupled or Folded WFS

J J ® Shot noise:

1 2hecA
598 ot — =17 10_14 d H
hot = Qo i Fw\ Py 8 rad/vHz

— —
JO =1 J1 = 0.05
Beam radius: w = 300 pm
Laser wavelength: A =1pum

Input laser power: Py =10mW
Finesse: F =300

® Thermal noise (mirror substrate): same as oplev

2%kpT1—v2 ¢s .-
(Sgthermal — \/W?’/Qf ES 'LUS =7 % 10 rad/v Hz

f=01Hz w=100um T =4K

Substrate: fused silica  Young’s modulus: Es = 7.4 GPa
Poisson’s ratio: Vs = 0.17
Loss angle: bs = 107°



Coupled or Folded WFS

\ 7 \ 7

— 1
® Seismic coupling:

« In principle, no coupling by using a flat mirror and
sufficient PDH (length) control

« Non-linear coupling?

® Numbers of optics: 3 cavity mirrors, 1 BS, 2 lenses
® PD: 1 RFQPD



Comparison of optical systems

® Oplev, WFS, CWFS cannot meet the shot noise requirement
® WFS cannot meet even with KAGRA parameter
® CWFS will meet with large beam and high finesse

Aso+ (2013)

Unit: . CWFS,
[rad/J/Hz] Oplev MI PRMI FPMI QI Cavities | WFS FWES
Shot noise | 2x10712 [ 2x10°15 [ 5x10°16 [ 4%x10°18 | 2%x10°15 | 4%x10°18 | 1x10°11 | 7x10-14
Trr‘gg;a' 7x107 | 1x1017 | 1x1017 | 1x1017 [ 1x1017 | 1107 | 7x1017 | 7x10°17

Seismic . ) ] ) ) ) No No
coupling 2x10°12 | 2x10°13 | 2x1013 | 2x10°13 | 2x10-13 | 2x10-13 coupling | coupling
Numbers 1 6 10 11 11 8 5 6
of optics polarizing
PD QPD PD PD, PD, 3PD 2RFPD | RFQPD | RFQPD
RFPD RFPD
Shoda-
Experience | Shimos san, Aritomi | ANU, : :
in Ando d-san’s | Shimod | -san’s | Nothing Okada Takano- Nothing | Nothing
, san p
Lab D a-san’s M san’s D

M



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.043007

Comparison of optical systems

® [ give them rough scores to make the ranking
® Michelson interferometer: very simple
® Two cavities: sensitive and quite simple

Unit: [rad/+/Hz] MI PRMI FPMI QI Cavities

Shot noise 2x10-15 5x10-16 4x10-18 2x10-13 4%x10-18

Thermal noise 1x10-1/ 1x10-1/ 1x10-1/ 1x10-1/ 1x10°17/

Seismic coupling 2x10°12 2x10-13 2x10°13 2x10-13 2x10-13
Numbers of 6 10 11 11 8

optics polarizing
PD PD PD, RFPI2 PD, RFPI 3PD 2RFPD
. : Shoda-san, : . ANU,

Experience in Shimoda- Ar't?m' Nothing Okada-san Takano-
Ando Lab , san's M p

san’s M : : san’s D




My concerning points

® MI is simple, easy to operate and sensitive, so it makes
sense that it has been used in many exp. so far

® Most sensitive exp.: MINT? b‘/

2x10°10 rad/v/Hz at 0.2-30 Hz at room temp. __ petanger e

/ Damper Mass
:% «— Ring Magnets

k,,..———-Torsion Fiber

Ross+ (2021)

Angle ASD (rad/v'Hz)

A1 0
Frequency (Hz)

FIG. 7: Amplitude spectral density of the inertial Im_efferomeler /
angular noise. Mirrors
H FIG. 2: CAD rendering of the MINT pendulum and
. IS M I n Ot I m pa thu | e n O u g h fo r Ph . D . ? eddy current damper assembly.

Difficult if not the highest sensitivity in the world?

® s it first in the world to build a torsion pendulum with
cryo. temp. and two cavities to readout angles?


https://pubs.aip.org/aip/rsi/article/92/5/054502/1021616/A-low-frequency-torsion-pendulum-with

Contents

® Requirement of the suspension system



Two kinds of seismic noise

® We should take into account of two kinds of seismic
noise to design TOBA's suspension

® Rotational seismic noise
» Assuming 10° rad//Hz at 0.1 Hz
« Need to be isolated to 101> rad/J/Hz
(= reduce 6 orders of magnitude)

® Translational seismic noise
« 5x10%m/J/Hz at 0.1 Hz
« Need to reduce the coupling (transfer function)
to <1010 rad/m



Rotational seismic noise

® Requirement: reduce 6 orders of magnitude

® Multi-stage torsion pendulum can isolate torsional seismic
noise

® 3-stage pendulum: 6 orders of magnitude (enough)
® 2-stage pendulum: 4 orders of magnitude
« Isolate with CMRR for two more orders of magnitude
« CMRR =1/100
— Match resonant freq. of TM and OB

with the accuracy of 0.5%
— Moment of inertia 1% (10 g scale)

CMRR ~

fyaw yaw 2T

2Af 1 rEd
641(1 +v)I




Translational seismic noise (1)

® Requirement: coupling < 1019 rad/m

® Coupling path 1: tilt of the two mirrors — —
0Oseis = %6mSGiSCMRR =2 x 107" rad/vHz

Angle of two mirrors: O, = 10~ °rad
Arm length: L =30cm

Translational seismic noise:

0Zseis = D x 107 m/vVHz
Common mode rejection ratio
between TM and OB: CMRR = 1/100

J
Requirement: CMRR < 10~*

J

Match the distance from the clamping point to the center of
gravity for TM and OB with an accuracy of 1 mm



Translational seismic noise (2)

® Requirement: coupling < 1019 rad/m

® Coupling path 2: shift of center of gravity and suspension point

. —
Requirement: A¢p < 2.5 x 1077

(Shimoda-san’s M thesis)

® How to reduce
« Counter-weight
« But feasibility is not clear--- B 46: BHEBRADIL




Two cavities: optical bench

! ! | Reference:

optical bench or another test mass?

\ 7 \%

LI

Optical bench Another test mass
Experience in Ando Many (All TOBA) Few (Ono-kun’s M,
Lab Komori-san’s D?)
Common mode Difficult because test | Easier because the
rejection masses are different | same two suspension
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® Timeline for the next two years



Reflections on FY2022

/<\
Y. %j/ J<’/> 2y 4%) \%,O OQ‘ %b O@o JQ/? e %/«
S Qﬁ? {—?G GG‘,{Z/
NI N Y., B o %
* k| Tk ik K * 7 Jokok * % K
< T T . ettt et >
Analyzed DANCE |data Wrote the paper
T —
Measured phase shift
[ My paper is about to be accepted]
D1 E
(FY2022) Designed suspension jigs 5
for Coupled WFS Dealt with the fiber issue

Suspended Tried to lock the cavity

Coupled WFS exp. is not finished yet
Torsion pendulum is not assembled yet

>
Design TM, OB,
and optics holders



Plans of the next two years

v/ \): 0 4 A
Y. %j, 2 2y 4%} >3 OQ‘ 4/0& e % % %/«
GWADW ICRC
* *
---=-> Revise DANCE paper
>
Finish Coupled WFS exp. N
D2 § Write a paper R
(FY2023) Suspension meeting Redesign and prepare
Design mechanical parts for cryo. exp.
> —_
Assemble ) Assemble
Evaluate the setup
and deal with issues
S
Assemble .
D3 Noise hunting
(FY2024) Observation of GW or earthquakes

9
Write my Ph.D. thesis



Summary
® Comparison of the readout optical systems

« MI is quite simple, but two cavities are suitable
for my Ph.D.?

® Requirement of the suspension system
® Timeline for the next two years

« I should start the engine to finish the

experiment in a year and a half

>

F I 1ERIL B KBRBELLET \ :
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