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Plans of my Ph.D. course

a4 Mo B S O Y O b A,
Phase—Ig TOBA
DANCE Acti1 MR, 2,
)\OG @ %Oo'ﬁq c Ct _______ ) i AP S P R)
D1 %, | £33 Analyze dats | | Write a paper *
(! * % Cou)pled WFS exp. Consider and order >
(FY2022) o o Order first parts second | parts
Practice with old parts| Build first pendulum and evaluate n>1agnetic shield
NAOJERES BETAQHM )
Report support TA & a lecture in D1S semester Brownian motion TA in D1A semester
>
Consider and order second parts 5
Build second pendulum
D2 i o | AVIT N g
(FY2023) * *
Write a Coupled WF$ paper
: : > S R
D3 Noise hunting U S S > §§§ % ;\2:!

: 2
(FY2024) Observation of GW or earthquakes *‘,9 Write my Ph.D. thesis * i



Contents

DANCE Act-1

® Principle of DANCE
® Current status of DANCE Act-1 at B207
® Plans for DANCE Act-1 in 2022

Phase-11I TOBA

® Introduction of TOBA

® Principle of Coupled WFS

® Current status of Coupled WFS

® Plans for Coupled WFS in 2022

® Plans for Phase-III TOBA in my Ph.D. course

FINESSE simulation

® Introduction of FINESSE
® Current status of Coupled WFS simulation
® Plans for KAGRA simulation




Contents

DANCE Act-1 Fujimo-to kun already explained,
® Principle of DANCE SO a quick review with two slides
® Current status of DANCE Act-1 at B207
® Plans for DANCE Act-1 in 2022

Phase-III TOBA

® Introduction of TOBA

® Principle of Coupled WFS

® Current status of Coupled WFS

® Plans for Coupled WFS in 2022

® Plans for Phase-III TOBA in my Ph.D. course

FINESSE simulation

® Introduction of FINESSE
® Current status of Coupled WFS simulation

® Plans for KAGRA simulation
Ando Lab Midterm Seminar Apr. 27, 2022 5/75




Principle of DANCE

® Axion-photon coupling makes linear polarization rotate
S-pol.
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Laser frequency

® A bow-tie ring cavity can amplify the rotation angle of linear
polarization without inverting the rotated direction
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< Better

Design sensitivity of DANCE

Frequency [HZz]

X If one-year observation
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Axion mass m, [eV]
® DANCE can improve the current best upper limits by several
orders of magnitude
® DANCE Act-1 has moderate parameters but can go beyond

CAST limits


https://www.nature.com/articles/nphys4109
https://iopscience.iop.org/article/10.1088/1475-7516/2015/02/006/meta
https://iopscience.iop.org/article/10.1088/1475-7516/2017/12/036/meta
https://www.nature.com/articles/s41567-020-1006-6
https://arxiv.org/abs/2102.06722
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DANCE Act-1 at B20/

Apr. 2019 (84) — Nov. 2020 (m1) Dec 2020 (Ml) - Today (D1)

® Points for improvement

« Constructed without an optical fiber
— Laser intensity noise reduced

« Changed mirrors and holding jigs
— Finesse and alignment were improved

« Build an optical table cover
— Air turbulence reduced



DANCE Act-1 at B20/

Apr. 2019 (84) — Nov. 2020 (m1) Dec 2020 (Ml) - Today (D1)

® Discoveﬁr‘i‘ng critical issue
« Found resonant freq. difference on Feb. 2021

— Fujimoto-kun’s DANCE Act-1 a
with an auxiliary cavity at B111
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What I did for DANCE in 2021

S-pol. Lase\’

1. Data acquisition for 12 days =

_ HWP PBS
2. Data analysis
3. Observation of resonant freq. difference
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Data acquisition for 12 days

® Took data for 12 days (May 18-30, 2021)
with sampling rate of 1 kHz

— Estimated the current sensitivity
« Long-term control system was developed by Fujimoto-kun
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Data analysis

® Analyzed 10 hours of data
— Found 55 candidate peaks
— Candidate peaks were reduced to 33 by Q-factor veto
— Then reduced to 9 by consistency veto

« Data analysis pipeline was developed
by Kume-san and Morisaki-san
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Obs. of resonant freq. difference

® Measured resonant freq. difference between s- and p-pol.

Date Finesse Finesse Resonant freq. Sl0d #0378
for s-pol. for p-pol. difference [MHz]
Feb. 18, 2021 2.80(34) x 103 193(10) 3.92(16) Data
Mar. 25, 2021 | 3.19(66) x 103 202(8) 2.50(4) acquisition
May 18, 2021 2.85(5) x 103 195(3) 2.52(2)
Jun. 7, 2021 2.86(5) x 103 195(3) 0.50(2)
Aug. 3, 2021 2.84(3) x 103 195(2) 0.64(2)
Feb. 2, 2022 ~3000 ~200 ~0.8 E;)%Z;}?Change
— Resonant freq. difference is drifted 1 | S-pol.

— But we couldn’t identify the cause
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https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6378
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Reflections on DANCE Act-1
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Reflections on DANCE Act-1
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Take data | Analyze data ApRLES
for a week Write a paper
M2
(FY2021)
® Goals for DANCE
« Finish data analysis
Took gata

 Write a paper

for two weeks

>
Analyzed data

Did not write a paper



What I will do for DANCE in 2022

® Finish data analysis by July 2022
« Reduce common-mode noise
- ¢ =P(O)/Pror > Vi(t) = Vepp(t) — HpsVes(t)
« Finish veto procedures
- Compare p-pol. and total (p+s pol.)
« Set the upper limits
® Write my paper by Dec. 2022

« I want to talk with Michimura-san once every two weeks
at a meeting and work on my paper
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TOBA: TOrsion-Bar Antenna

® Originally proposed by Ando-sensei in 2010
« Developed over many years at Ando Lab
® Use torsion pendulums
® Aim to detect GW at low frequency (0.1 - 10 Hz)
® Ground-based GW detector

« No need for space launch technology and money
« Easy maintenance
« Science unique to the ground

Sensitivity of GW detectors
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.161101

Ast

Science of TOBA

rophysics

Luminosity

® Stochastic GW
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Intermediate mass BH
binary merger
Within ~1 Mpc (Phase-III)
Within ~10 Gpc (Final)

— Formation process of
super massive BH

10

10 10° 10°
Total Mass of Black holes [M,]
M. Ando+ (2010)

background
Qcw ~1077 (Final)
— Early universe

Geophysics

® Newtonian noise
 First detection
Noise reduction for ET-CE
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® FEarthquake early warning

« More than 10 sec earlier
than now

— QOur safety
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.122003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.161101

Road map of developing TOBA

Phase-I  Phase-II Phase-III
Principle test Technlcal_ GW observation
demonstration
108 //Hz 1015 //Hz (Target) 1019 //Hz (Target)
(Established)
20cm bar 35cmbar 10 mbar
Room temp. Cryo. temp. (4K) Cryo. temp. (4K)

K. Ishidoshiro+ (2011) .
A. Shoda+ (2017) T. Shimoda+ (2020)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.161101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.082004
https://www.worldscientific.com/doi/abs/10.1142/S0218271819400030

Configuration of Phase-III TOBA

Shimoda, Ph.D. thesis (2019)
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https://granite.phys.s.u-tokyo.ac.jp/theses/shimoda_d.pdf

Target sen5|t|V|ty of Phase-III TOBA
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® Wire with high Q-value at 4 K — Ching Pin-san

® Cryogenic monolithic optics — Takano-san

® Coupled WES — my master thesis
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Candidates for readout optics

® Requirement for shot noise of Phase-III TOBA: 10-15> //Hz

Michelson

| 1

1 |

Differential
FP cavity

WES

—1 1

— 1

1

Coupled WFS

|I__I

Shot noise

S

Freqg. noise

Trans-coupling

s

Beam jitter

DDD

S

Thermal noise

S

S

Linear range

s

Comments

Trans-coupling,
beam jitter, and
polarization noise
in prototype TOBA

Difficult to operate,
but I will try.

Might utilize
Komori-san’s exp.

Cannot satisfy the
requirement

My master thesis.
Many good points,
but difficult to build
and control




Wavefront sensor

Laser spatial modes
® WaveFront Sensor (WFS): HGy, HGig

angular sensor with an optical cavity . 2

@Mirror tilt

~—
Laser A

-_>_ | | ]

@Convert

@Detect signal QPD 00 mode: on resonance
10 mode: off resonance

® (00 and 10 mode do not resonate simultaneously
due to Gouy phase

— 10 mode is not amplified in the cavity



Coupled wavefront sensor

® Coupled WFS:
wavefront sensor with a coupled cavity

Main cavity Auxiliary cavity
Laser ¢ g T —
I L// Compensate E [
Gouy phase
QPD 00 mode: on resonance

10 mode: on resonance

® Phase compensation by the auxiliary cavity can cancel
Gouy phase of the main cavity

— 00 and 10 mode resonate simultaneously
— 10 mode is amplified in the main cavity
— Coupled WFS is more sensitive than WFS



Phase compensation with aux. cavity

700 Main Aux. Cavity
5:22 00 mode cavity (compound mirror)
G§J_4OO- 10 mode ; ............................ g
. JL Complex reflectivity
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Overall experimental setup

Laser
EOM | —]
106?} il Collimator O
Freq. _ _
control 3.5MHz @ @15 MHz Optical fiber
WFS
2NN
Length
control 't /9
Fun. gene.
20 - 100 Hz

Shake
front mirror

Vacuum chamber
5-10Pa

Shake
steering mirror




Cavity design
® Main cavity is folded to monitor transmitted light

® Reflectivity and loss of aux. cavity is important for phase
compensation
« HR coating is facing in aux. cavity
« Designed parameters to doable phase compensation
even with 0.1% loss in aux. cavity

® Fixed mirrors other than the front one rigidly to a spacer
to stable alignment

Front mirror
Flat
99.49%

Main cavity
Total 78.7mm

Finesse
Design: 340 ;
Measured: 200 £ 20

Finesse
Design: 3.9 x 103
Measured: (4.1 +£0.2) x 103

Aux. cavity
62.5mm

End mirror Mid mirror Folded mirror
Cancave 4m Convex 7m Flat
99.9% 99.94% 99.4%




Control method of coupled cavity

® Used two modulated freq. for PDH technique

« 15 MHz: for main cavity
« 3.5 MHz: for aux. cavity

® Main cavity was controlled by a double loop
« To prevent transmitting disturbances from main cavity
to aux. cavity through laser freq.

Laser

A

EOM Sideband

Main cavity

Aux. cavity

Ve

~
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)

Sideband

Carrier
@@ 3.5 MHz

3.5MHz 15MHz

vw

b

A|

At low freq.:
length control

At high freq.: freq. control

|

Length
control




Results of cavity control

Trans. light of
main cavity

Trans. light of
aux. cavity

FB signal
(front mirror)

FB signal
(laser freq.)

FB signal
(end mirror)
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Turn on
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Trans. light with CCD camera
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Coupled WFS signal / WFS signal

Results of signal amplification

WFS
® Shake front mirror with injecting signal [] Op. |e\,_Q
® Calibrate with op. lev. signal and 75cm/®

trans. light of aux. cavity

Shake

® Compared WFS and Coupled WFS  front mirror

. - . Fun. gene.
— Angular signal amplification was 20 thor
confirmed
Near 00 mode resonant point Near 10 mode resonant point

4 Measured

4+ Measured

Coupled WFS signal / WFS signal

% Fitted in horizontal axis

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 9.00 9.05 9.10 9.15 9.20 9.25 9.30 9.35 9.40
Detuning of auxiliary cavity [deg] Detuning of auxiliary cavity [deg]

-2 -2
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Reflections on Coupled WFS
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Build ahd evaluate auxiliary cavity (first unden-coupled)

>
Build main cavity
Control cavity length with two DoF
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Reflections on Coupled WFS
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Ordered spacer to R/F=E Ordered pendulum to EH/EZE
Built incident optics Built auxiliary cavity
7a>cuum test Built main cavity
Confirmed signal amplification
Wrote master thesis
MZ Build incident optics
(FY2021) Order spacer and pendulum to itfE=

Build ahd evaluate auxiliary cavity (first unden-coupled)

>
Build main cavity
Control cavity length with two DoF

Amplify angular signal
Improve sensitivity
Write master thesis

No lecture in M2S semester



Reflections on Coupled WFS

Yo Y %, Y S Ol Y O S A, Y
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— i ol — .
Ordered spacer to R/F=E Ordered pendulum to EH/EZE
Built incident optics Built auxiliary cavity
7a>cuum test Built main cavity
Confirmed signal amplification
Wrote master thesis
3 Delayed experiments
M2 Build incident optics Gave up pendulum
(FY2021) Order spacer and pendulum to sffF= Only under-coupled

Build ahd evaluate auxiliary cavity (first unden-coupled)

>
Build main cavity
Control cavity length with two DoF

Amplify angular signal
Improve sensitivity
Write master thesis

No lecture in M2S semester



Reflections on Coupled WFS

Yoo 2, Y S O Y O B A Y
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Ordered spacer to R/F=E Ordered pendulum to EH/EZE
Built incident optics Built auxiliary cavity
7a>cuum test Built main cavity
Confirmed signal amplification
Wrote master thesis
M2 Build incident optics ® Goals for Coupled WFS
(FY2021) Order spacer and pendulum to itfE=

> « Suspend a mirror
Build and evaluate auxiliary cavity
S « Take good data
Build main cavity

Control cavity length wi «  Write a paper

Amplify angular signal
Improve sensitivity
Write master thesis

No lecture in M2S semester



Current issues of Coupled WFS

® Current issues
« Turning on the control of aux. cavity makes it unstable
« Too large error bar

Near 00 mode resonant point

0.8 8
> 06+ —— Calculated
. Ad=+20 mm
Tran.S' “ght of %0-4* Turn on 64 Ad=-20mm
main cavity 5 ,, 4 Measured
Q0.

0 E 1 1 E 1 1 E
0 P20 40 60 80 100 3 ]
0.2 : : S
: =) £ 29
Trans. light of g | _ z
: X : H]
aux. cavity s s {Turn on E
0 P i ‘ ‘ wr el : .
0 20 40 60 30 100 . X Fitted in horizontal axis

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Detuning of auxiliary cavity [deg]



What I will do for Coupled WFS

® Current issues
« Turning on the control of aux. cavity makes it unstable
« Too large error bar

® How to solve the first issue
« Suspend a front mirror
- Masses were already delivered
- I will make a jig to suspend
- I will put on picomotor to roof

« Improve the mode-match coupling
between main and aux. cavity

- Try to align more

® The issue of large error bars might also be solved if the
control becomes more stable?
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What I will talk today

® ] got a master’s degree with Coupled WFS
® What I will do for my Ph.D. thesis
« Combine all components to complete Phase-III TOBA
« TOBA has many components, so I will proceed step by step

® What I will talk today
» Rough design of the pendulum and optics Viraton """"""""
« Moving mass |
- Magnetic shield j

hexapod
actuators

0 o
..........................................................

Cryogenic Read out optics
suspension



What I will talk today

. e

« Rough design of the pendulum and optics Vibration ¢ I
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Candidates for readout optics

® Requirement for shot noise of Phase-III TOBA: 10-15> //Hz

Michelson

| 1

1 |

Differential
FP cavity

WES

—1 1

— 1

1

Coupled WFS

|I__I

Shot noise

S

Freqg. noise

Trans-coupling

s

Beam jitter

DDD

S

Thermal noise

S

S

Linear range

s

Comments

Trans-coupling,
beam jitter, and
polarization noise
in prototype TOBA

Difficult to operate,
but I will try.
Might utilize
Komori-san’s exp.

Cannot satisfy the
requirement

My master thesis.
Many good points,
but difficult to build
and control




Overall view of torsion pendulum
Active vibration / / / / /

isolation stage

Damping mass

Intermediate mass
for optical bench

Moving mass?

Intermdgdiate mass

Test mass 2

Optical bench Test mass 1

Ando Lab Midterm Seminar Apr. 27, 2022 47 | 75



Overall view of torsion pendulum
Active vibration / / / / /

isolation stage

Damping mass

One more mass
compared to 7

Shimoda-san’s I diat
Ph.D. thesis ntermediate mass

for optical bench
\ Moving mass?

N\

Intermdgdiate mass

Readout differential rotation
and reduce common motia
with two test masses

Optical bench
Ando Lab Midterm Seminar Apr. 27, 2022 48 / 75



Overall view of torsion pendulum
Active vibration / / / / /

isolation stage

Damping mass

Intermediate mass
for optical bench

teving mass?
| SN\

Intermgygiate mass

1. Material for test mass
2. Moving mass

Aass 2

Tes

S~

Ando Lab Midterm Seminar Apr. 27, 2022 49 / 75

Optical bench



Material for test mass

| I want to do this one For simplicity, one test mass
® Fused silica bar with HR coating ® 2-inch mirror on a metal bar
« Surface roughness A/10 « Surface roughness A/100
« Bar length 20 cm « Mirror diameter 5 cm
— Flatness 5 x 107 rad — Flatness 2 x 10-® rad
Easy to put on optics Easy to attach many parts
because two cavities are because made of metal
far from each other Q Difficult to put on optics
Q Difficult to attach many because two cavities are
parts (actuators, moving mass) close
because made of fused

silica
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Motivation of moving mass

® Introduce moving mass to a torsion pendulum
in order to compensate for the tilt of test mass
and to reduce coupling from translational seismic vibration
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Shimoda-san's JPS slides



https://granite.phys.s.u-tokyo.ac.jp/shimoda/presentation/JPS2017S_shimoda.pdf

Motivation of moving mass

® TOBA is operated under vacuum and low temperature
— We want to compensate for the tilt
without touching the pendulum

® Moving mass is developed in KAGRA

— We can use it as a reference 7
A S
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https://www.jsme.or.jp/kaisi/1183-28/

Old moving mass of KAGRA

Development of control system of mirror

Te W

JGW-G1605005-v1

Moving Mass
Ball ’screw

Ball Screw system: This system is composed by screw shaft, nut and ball.
This is able to transform rotation of motor into liner motion of Mass.

Ball screw

Ys—>7L—k

i 7 ,:\ nlk
| B i N’*yln’ﬂ‘r{r" A
> >l Al Rt ‘. k)
\QQ\JW
BN

Found issue |
Motivation JGW-G2012151-v1

* Current moving mass is often stack when we use it several time

T S|Ze Of the mov|ng mass: 10 Cm? » Moving mass is important for compensation of pitch drift due to

thermal contraction.

i) FILR(ANRTYZY)
;K=

Since the ball enter between screw shaft and nut,
it is smooth that transform rotation of motor ﬁ’ e

. : . | Liquid nitrogen
into liner motion of mass.

* If moving mass doesn’t move, we cannot perform initial alignment.

* So, we have to design new moving mass and install before O4.

Requirement for moving mass:
* Range : +10 mrad (not strict requirement)
* Resolution : 4 urad (not strict requirement)

* Reliability after moving many times < new requirement


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=5005
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=12151

New moving mass of KAGRA

. 138
Design JGW-G2012151-v1 e

Reliability check =
Kevlar wires E T
g 1132
1130

1128 ; . é ; . .

0 10 20 30 40 50

distance(mm)

1136
1134
% 1132
:% 1130
g 1128
Rope way like system -
1124

0 10 20 E) ') 50

distance(mm)

We checked performance just after cooling and after moving 6000 times in full range.
Both results are consistent each other and looks to be moved properly.

JGW-D2011549-v2
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https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=11549
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=12151

Moving mass for TOBA

® Moving mass of KAGRA is too large for TOBA
— I will send an e-mail to Ushiba-san
— I will order parts by June 2022

klog #20187


https://klog.icrr.u-tokyo.ac.jp/osl/?r=20187

Where to put moving mass

® Fused silica bar with HR coating

Only on intermediate mass

T I want to do this one

® 2-inch mirror on a metal bar

Both on test mass and
intermediate mass

Active vibration /[
isolation stage
Damping mass

Intermediate mass
for optical bench

Moving mass?

Intermegdiate mass

Test massz/
Optical bench ST




My plans of torsion pendulum
Active vibration / / / / /

isolation stage

Damping mass

Intermediate mass
for optical bench

Moving mass

Intermdgdiate mass

Test mass 2

Test mass 1
Optical bench
Ando Lab Midterm Seminar Apr. 27, 2022 58 /75



First step of torsion pendulum

® I have never built a torsion pendulum
— [ will start an easier step

[

Intermediate mass
for optical bench

Moving mass

Damping mass

Test mass

Optical bench
Ando Lab Midterm Seminar Apr. 27, 2022 59 /75



What I will talk today

Vibration ; i

isolation
Magnetic shield

seismometers
H (L-4C)
pulse-tube H hexapod
cryocooler 1 ctuators
.
. 5
.................... 3 A
.
11l :
featlink H
...........
lass
.
: I-
J
vacuum
L}

an nnn Wdesbickle wu e uw
chamber

.
g o
..........................................................

Cryogenic Read out optics
suspension



Origin of magnetic noise

Top view of the test mass

Shimoda, Ph.D. thesis (2019)

B: DC geomagnetic field
: pu: magnetic moment

0.04ff= =
. R e e e o R B ) EEREEEE ERb L }x
N: torq ue o l‘;‘;;;;;;;;;;:,;;;;;;:,; B T T 1)
0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Ex i: induced eddy current

Figure 7.1: Distribution of induced eddy current in the bar.

External magnetic field fluctuation

!
i: induced eddy current
!
@: magnetic moment B: DC geomagnetic field

| |
v

N: torque (noise for TOBA)



https://granite.phys.s.u-tokyo.ac.jp/theses/shimoda_d.pdf

GW strain-equivalent noise level [Hz'” ) ]

Magnetic noise level so far

Phase I TOBA Phase-I1I TOBA
5 -3
10 ——————
F \ Magnetic noise: : e
6 BN PE OBy ight (10 m
10 8 /"/HZ 10 = __—: Dsur;o-se(u(s )mm)
7 ' 10° | Nl s
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Ishidoshiro+ (2011) @O 1 HZ Shimoda, Ph.D. thesis (2019)

® Magnetic noise is one of the dominant noises for TOBA

® We need to reduce 6 orders of magnitude to achieve
the target sensitivity of Phase-III TOBA (10-15 //Hz)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.161101
https://granite.phys.s.u-tokyo.ac.jp/theses/shimoda_d.pdf

Magnetic shield

® How to reduce magnetic noise?

« Choose a material of test mass to a non-conducting one
— Difficult because a non-conducting mass
will be suffered from the electrostatic force

« Introduce magnetic shield
— Ando Lab doesn’t have know-how
— Consult with Sekino-sensei (Q-LEAP member) on May 9

BRA TAED BIRFIASR= HP

BIEFER T DR EF BFFHAREAN. =577

mmmacoanez, | o7eemons Sekino Lab is developing medical devices

WINSEEEB(C T

using electromagnetic fields and superconductivity


http://www.bee.t.u-tokyo.ac.jp/index_j.html

Plans of my Ph.D. course

a4 Mo B S O Y O b A,
Phase—Ig TOBA
DANCE Acti1 MR, 2,
)\OG @ %Oo'ﬁq c Ct _______ ) i AP S P R)
D1 %, | £33 Analyze dats | | Write a paper *
(! * % Cou)pled WFS exp. Consider and order >
(FY2022) o o Order first parts second | parts
Practice with old parts| Build first pendulum and evaluate n>1agnetic shield
NAOJERES BETAQHM )
Report support TA & a lecture in D1S semester Brownian motion TA in D1A semester
>
Consider and order second parts 5
Build second pendulum
D2 i o | AVIT N g
(FY2023) * *
Write a Coupled WF$ paper
: : > S R
D3 Noise hunting U S S > §§§ % ;\2:!

: 2
(FY2024) Observation of GW or earthquakes *‘,9 Write my Ph.D. thesis * i
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FINESSE simulation
® Introduction of FINESSE




FINESSE

® One of interferometer simulation tools

o
(

< FiNesse 2

My seminar's slides

® Frequency domain INterfErometer Simulation SotfwarE

Write codes with Python

import numpy as np

import

import matplotlib.py

from pykat import finesse

from pykat.commands import *

from IPython.display import display,

%matplotlib inline

pykat.init_pykat_plotting(dpi=9@)

1 laser 1 @ n@ # Laser (Power = 1 W, wavelength offset = @)
s s11n@ ncl # Space (Length = 1 m)

## The cavity ##

m ml @. @ ncl nc2 # Mirror (R =0.7, T = 0.3, phi = @)
s sL 4e00 # Space (Length = 4 ki

mm2 0.8 8.2 @ nc3 nc4 # Mirror (R =0.8, T

basekat.parse(basecode)

katl = deepcopy(basekat)
code = """
## Detectors ##

# Photo diodes measureing DC-power

pd refl ncl # Reflected field
pd circ nc2 # Circulating field
pd tran nc4 # Transmitted field

## Simulation instructions ##

s ml phi lin -450 90 2000 # Varying tuning of input mirror ml.

bs # Plotting the amplitude of the detector measurements.

katl.parse(code)
outl = katl.run()

JGW-G1301720: FINESSE lecture slides

Build interferometers in our mind

S— — — — — — — — — —

laser linput mirror  end mirror Y cavity

PD circ

Run codes Plot results

Power vs. microscopic cavity length change

Finesse

D4
Loy .

Power [W]

—400 -300 —=200 —=100 0
Position of mirror m1 [deg]


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=1720
https://granite.phys.s.u-tokyo.ac.jp/oshima/seminar/20211126_Seminar_Oshima.pdf

Contents

FINESSE simulation

® Current status of Coupled WFS simulation



(Coupled) WFS signal [W]

Signal amplification of Coupled WFS

Misalign .
1nrad Detune aux. cavity
Laser EOM
1064 nm 15MHz
1w

Coupled WFS E] Length control .

® Angular signal amplification was confirmed

7m 4m
99.94% 100%

ence [deg]

2
S -30
1

Reflection phase diff
&
w o

With Simulation _45—5.0 -2.5 0.0 iﬁase;?ﬂ[d.:g'? 10.0 12,5 15.0
Near 00 mode resonant point Near 10 mode resonant point

7 le—8 7 le—8

6 6

| Coupled WFS s, |

41 '%4-

3' %3_

24 gz-

"TWFS ical solution g

%00 01 02 03 04 05 ) o1 o2 o3 Y o5

Detuning of auxiliary cavity [deg] Detuning of auxiliary cavity [deg]



Linear range of WFS -« Coupled WFS

WES

Tilt front mirror

~—
8cm
Flat
?7% 7m
100
— =100 1000/0
—— F=200
F=300
"= 500
= F=1000
El 60 —— F=2000
5 — F=3000
5
¢
3
0 0 a 60 80 100
gnment front mirror [urad]
30
L]
'8 20
5 Constant
&
S 151
= ® 7=100
b ® F7=200
5 107 F=300
F=500
5 F=1000
® 7=2000
® 7=3000
0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

WFS signal [W/rad]

® Signal intensity and linear range
do not depend on finesse

Coupled WFS signal [uW]

100

o
=3

Coupled WFS

Tilt front mirror

10 mode resonance

~
8cm 6cm
Flat
2?2% 7m 4m
— = 99.94% 100%
F=300
F=500
F=1000
— F=2000
3 4 5
gnm mirror [urad]
4
e F=100
® F=200
° F=300
34 F=500
5 F=1000
g ® 7=2000
‘o ® F=3000
22
©
£ °
3
5 Trade off
1 m
—
0 ° L
0 100 200 300 400 500 600

Coupled WFS signal [W/rad]

® The larger the finesse,

the greater the signal intensity,
and the smaller the linear range
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FINESSE simulation

® Plans for KAGRA simulation



Coupled cavity in KAGRA

® KAGRA has a coupled cavity

— I want to calculate WFS signal amplification
when PRC is detuned

— I want to compare with Virgo's configuration,
or suggest the best PRC configuration

PRM ITM ETM

Laser A
U i AuL

W . ~ \. g J.
Power recycling cavity Arm cavity
QPD = auXx. cavity = main cavity

EAETMY

Y-arm

l{Hl

Aso+ (2013 E = ITMY
PRM PR2, LoP

Lae

ITMX ETMX
M n

MC Is lt '

u

PR3 gy “ X-arm

SR2
AS DC
<— 7 OMC ¢
L | By
“YQ SR3 = 1 SRM
L4 N I/s

7
* AS_RF



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.043007
https://www.mdpi.com/2075-4434/8/4/85

Elgenmodes of KAGRA cavities

E

—— Arm cavity (X)

—— Power recyclmg cavity

Distance-from ITMX [m]

SUu 1000 1500 2000 2500 3000 3500

Beam radius [mm]
N
o

PRM
L PR2
PR3

/TMX

—— Arm cavity (X)
H — Power recycling cavity

-50

0

50

Distance from ITMX [m]

100

-==- [TM Eigenmode of PRC

““““““““““““““““

Pece
=
=—af
e

w(z) [pm]

Not eigenmode of
arm cavity

Seems that the eigenmodes of PRC and
arm cavity in KAGRA do not match,
even taking into account the effect of ITM

— I want to ask someone and understand

JGW-T1100512-v2
JGW-G1200763-v1



https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=512
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=763

How to build coupled cavity

® Before calculating linear range of Coupled WFS,
I have to build coupled cavity with FINESSE

® FEigenmode declared later is overwritten, so I
have to calculate configuration of coupled cavity
In advance
e caVv auxcav mid n7 end n8 <« Trace eigenmode for auxiliary cavity,

« cav maincav front n5 mid n6 but overwritten
T Trace eigenmode for main cavity

RoC with beam radius of 500 um Eigenmodes of two cavities
10 —————————————— 512 — , ; — : L
| 510 % % g
> £508 | E = _“5 E

| E]
1 @ 506 |
| =
©
S 504 |
1 £
b
m 502 + /
— 500 F—— ?
\ 4

0 2 4 6 8 10 12 14 16 18 20 -2 0 2 4 6 8 10 12 14 16
RoC.m Distance from beam waist [cm] Distance from front mirror [cm]

— Main cavity
= = = Auxiliary cavity

RoC of wavefront [m]
[=} —_— N w S [6;] [=2] ~J oo [{=)

Eigenmode.m



My try and error

® KAGRA is too long and too complicated

— [ started with my master thesis’s setup
that swapped the front and back configurations

— Found that difficult to detune the front aux. cavity
while keeping the back main cavity resonating

— I have to start with an easier situation. How?

PRM IT™ ETM
Laser 1 ﬂ U
Misalign Detune aux. cavity AW ~ ~—
1nrad — Power recycling cavity Arm cavity
- QPD = auX. cavity = main cavity
Laser 7m 4m
99.94% 99.9%
Coupled WFS Ej Length control o
Detune aux. cavity Misalign
— 1nrad

Laser 4m 7m
\-D99.9% 99.94%
Coupled WFS (j Length control




Summary

DANCE Act-1

® Took and analyzed data in 2021
® Plan to finish data analysis and write a paper in 2022

Phase-III TOBA

® Demonstration of Coupled WFS in 2021

® Plan to suspend a mirror, take data, and finish the
exp. of Coupled WFS in 2022

® Plan to start torsion pendulum exp. from easier step

FINESSE simulation

® Simulation of Coupled WFS in 2021
® Plant to start KAGRA simulation

FI1FRIEBLCBREVLETS B
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Ando Lab e-log analysis in 2021

® 119 e-log were posted in Apr. 1, 2020 - Mar. 31, 2021
® 40 meetings were held

0 20 40 60 80 100 120

m Fujimoto (9) ® Oshima (14) Chiyoda (5) Takano (26)
m Kawasaki (1) ® Ching Pin (11) ® Michimura (11) ®Ando (42)

Names listed without honorifics

® Aritomi-san posted to NAOJ e-log
® Takeda-san wrote comments for meeting log



Ando Lab e-log analysis in 2022

® // e-log were posted in Apr. 1, 2021 - Mar. 31, 2022

® 37/ meetings were held

0 10 20 30 40 50 60 /70 80

®Ono (2) ® Fujimoto (7) Oshima (14) Takano (10)

® Ching Pin (4) ®mMichimura (1) ®Ando (37)

Names listed without honorifics

® Kawasaki-san and Haoyu-san wrote comments
for meeting log
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This page is just a memo for myself
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#6049

How to measure resonant frequency
difference btw pol. accurately
Frames of DANCE house at B111
Design of Cavity Spacer

Vacuum test of TOBA-WFS chamber
Vacuum test of TOBA-WFS chamber (2)
Water leakage issue of TOBA chiller
Introducing laser beam

into TOBA-WFS chamber

Revision of Brownian Motion Text
for FY2021

Circuit Noise Inspection

for Brownian Motion Experiment (2)


https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5655
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5742
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5811
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5927
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5953
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5965
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=5981
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6015
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6049

List of e-log I posted

This page is just a memo for myself

® 2021/11/3

® 2021/12/9
® 2021/12/10

® 2021/12/17
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F:
&)}
|
| —
N

-
(@)
N
N
w

FH
@)
N
Ul
l—L

#6297

Construction and Characterization
of Auxiliary Cavity

Calibration of Optical Lever
Rough Characterization and Lock
of Main Cavity

Coupled cavity was locked

by PDH technique

Signal amplification was observed
with Coupled WFS?

History of resonant freq. difference
of DANCE at B207

Revision of Brownian Motion Text
for FY2022


https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6112
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6243
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6251
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6279
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6297
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6378
https://granite.phys.s.u-tokyo.ac.jp/elog/?p=6394
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