Ando Lab. 2025 Midterm report meeting

Development Plan of Phase-II TOBA

< ‘. 7'/.;—.’,"';“"?:‘\; e 1) s

<5 .:.,-\5/ G\ -

M T / /::7 // // //-. // ﬁgﬂ/ // /// /*-v/ /-—--’-ﬂ

RRAXFEHvomrrlEsray
TERARE D1

ZRlED




Contents 2/49

® Introduction of TOBA
® Summary of my master’s work

® Minor update plan for next suspension design

® Toward Phase-1II, VIS & Cryogenic




Contents 3/49

® Introduction of TOBA
® Summary of my master’s work

® Minor update plan for next suspension design

® Toward Phase-1II, VIS & Cryogenic




Low frequency GW 4/49

Current GW detectors, LIGO, Virgo and KAGRA are
Michelson interferometer with suspended mirrors

N Good sensitivity in 10Hz-1kHz,  /]\\,
but not sensitive in lower freq. A 1 |
(be|0W resonant freq_ fy = - % https://www.ligo.caltech.edu.

of pendulums)
104 GW source at 0.1Hz:
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r Pl BRTS L l » Solar Mass BH binary merger
£ \”76/_-1, 3044@ ~b Y Me,
\’_ﬁ/g N - carly alert for current detector
EANG e * Intermediate Mass BH binary merger
L R N i unveiling the formation process of SMBH
\» %‘% &EUG * GW background
00. . . .
- direct observation of the early universe
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agquency GW and detectors

Space born GW detector:
escape from seismic noise and
make TMs in all freq. range

Space GW detector
LISA: 10°-10-1Hz auncn in
- 101-10 Hz

High costs and long time:--

& Low cost and easy maintanance

ground-based detectors
are also important

NASA



. Ground-based GW detectors

Resonant freq. of normal pendulum is above 0.1Hz
New vibration isolation method is required

for ground-based detector to 0.1Hz observation

Torsion pendulums

Z  Tidal forces by

‘ gravitational waves
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Torsion pendulum 7/49

N
P oot g = - [T
: Young's modulus = ——
[ v: Poisson’s ratio raw 27'[\1 64l(1 + U)I
/

fYaw = 20 mHz
when ! =50cm, d = 0.3 mm
E =411 Gpa, v = 0.28,
Pitch I =0.016 kg - m?
(tungsten wire and aluminum TM)

Roll
- i ' Normal pendulum
I: moment of inertia /— . P ™
l
1
Resonant freq. of torsional mode
can be lowered easily! fo = 0.7 HZwhen ! = 50 cm

\_ fo =20 mHZ when I = 0.6 km /




Response of torsion pendulum

Test Masses have to be free masses to detect GW
Used normal pendulums, but

Resonant freq. of torsion pendulums: ~mHz

Tn LN

broadbanding toward low freq. is limited (resonant freq. oc /1/1)
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GW—pendulum motion
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Newtonian noise
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contribute
3G detectors

Science by ground-based low freq. GW

Geophysical science

Earthquake alert system
| Detector
L AVSeismic P wave
Gravity " (6-8 km/s)
perturbation R -
(speed of light) = -
Expansion

+ Epicenter
Compression
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mitigate
disaster damage




Low fre uenc GW detectors
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Gravitational wave detector TOBA

® TOBA; TOrsion Bar Antenna

® Low resonant freq. of torsion pendulum(~mHz)
enables low freq. GW observation

® Developing prototype and component techniques toward final goal

. e e e e 10718 42 ‘
® Designed sensitivity is limited by ‘\%@%z =l
. . LR NG ] Gonporaion bormel (4K oS
quantum noise and thermal noise N — ey

Shot noise

1072 1071 10° 10!
Frequency [Hz]

M. Ando+.(2010)
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Roadmap of TOBA development

Demonstrate technique and improve sensitivity
(rs) FincLeca
upsizin
Development ST

a ® 10 m TMs
~2014 Cryogenic demonstration, ® cryogenic(4 K)
Principle test noise reduction ® FP cavity sensor
® 30 cm TMs 19
[ . . ® 1019/v/Hz
demonstration of torsion bar ® cryogenic(4K)
® 20cm TMs ® Fabry-Perot cavity sensor
® Room temperature
® Ml sensor Target sensitivity:
® Achievedsi078//Hz - 10-15/\/HZ @0.1 Hz
® Set an upper limit on

GW background




Science of TOBA
Low freq. GW Geophysics

IMBH binary merger

* ~1 Mpc (Bhase:1Il)

Newtonian noise detection

« Expected to limit 3G detector’s sensitivity

: * not detected yet 2
« ~10 Gpc (Final
be (Final) « Testing current models ~— —
. . i fITcizztli;C //
Unveiling the formation of Contribute (@) ./‘.//"
supermassive BH 3G detector e

GW background Earthquake alert RG-S

« Earthquake causes gravity gradient
« GG propagates at the speed of light

| Detector
- ol Seismic P wave

Miti gate Gravity s o (6-8 km/s)

~.

perturbation = T~ -~ O

disaster damage (speedof ight) e

Expansion
Compression

e Quy~107 @0.1 Hz

Direct observation of the early universe

Epicenter



For Dark Matter search

Differential Torsion Sensor for Dark Matter

* A new type of differential torsion sensor for vector dark matter detection
A Y

Sun, Slagmolen, Qin

Test mass materials Al/Be urkl 0B 08935 12004)
Mass of each test mass 5 kg
sensor beam length 0.6 m
beam mass (w/ mounting equipment) 5kg
Mechanical lever arm 0.24 m
Mechanical resonant frequency 26 mHz
Suspension wires Q factor 3000

. . 3
= | arge common mode rejection 2.70 g/cm
. . wiver e 3
= Differential angular sensitivity 1.85 g/cm
= Can achieve enhanced sensitivity without Require same moment of inertia
requiring significant upgrades in technology — need mechanical engineering to make test
masses with the same external dimensions
[Also see relevant study — Okuma et al., arXiv:2404.00250 (2024)] 13

Lily’s slide
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Configuration of Phase-II TOBA

TOBA consists of VIS, Suspension system,
Optical system, Cryocooler

== Cryogenic cooler

(back SIde)

Seismometers Cryogenic
. - Cooler
. A LD
Hexapod
Actuators
A N 4 4

- e

Cooling Head
(3.5K)

Cooling Head (50K)

2nd shield

. 1st shield '

S. Takano+, Galaxies (2024)
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Configuration of Phase-II TOBA

Vibration isolation system prTTmmmmT ST T s m s m s ~

ryocooler

« Cool suspension
down to 4K

Cryogenic

 Feedback control with
seismometer and actuator

Active vibration isolation

Suspension system

« TMs made of silicon

« Suspended by low loss
sapphire fiber

TMs respond to GW

————————————

‘------_\
[ e ————

‘_
T
o

L . L. L L L L L T T T

(3.5K)
Cooling Head (50K)

Cooling Headl

Optical system

« Differential Fabry-Perot cavity
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w
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Readout the rotation of TMs precisely \ /

——————————————————



Context of my work

Observation, Data analysis

: { Inst_allfiber, }[ Install }
Integ ratlon of cooling down AVIT
components { Combine optics ][TM contml}

and suspension

[ Cryogenic monolithic ] [ Cryogenic ]
interferometer torsion pendulum

[ Low-loss ] [ Active Vibration ]
suspension fiber Isolation Table

Component

development




- Context of this work

Observation, Data analysis

Integration of components Completion of
Phase-III TOBA

{ TM control J \\]\\J
TM control and rotation f x

( l measurement with cavities
. . L AU
[ Combine optics ] \
X

& suspension 359\ _Oshima
Ph.D Thesis (2024) Low-loss AVIT
suspension fiber |y yvamaquchi

Demonstrated suspension sl

Cavity lock not yet achieved

Master Thesis

(2025)
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Context of this work

Observation
Integration of componen 4 Completion
* Noise hunting of Phase-1II
[ TM control J « Seismic coupling mitigation
* Operation in cryo. Temp.

TM control
measurement with cavities
. . Qiov®
Combine optics |gdE s \
& suspension

suspension fiber |y yvamaquchi AVIT

(e‘é Y. Oshima L |
Ph.D Thesis (2024) OW-I0SS

Demonstrated suspension sl

Cavity lock not yet achieved

Master Thesis

(2025)
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Experimental setup 21/49

Suspension system is placed in the chamber
Laser beam is introduced to the chamber from the source via fibers

GAS filter

N Y
N Y

Magnet sup

LIGO
CDS

Caviy ':I Test masses I;—

-—”—-—

Optical bench

“(

1 | ’ Yol i,.;.‘ - pi
‘ K ( I - SR

o . Vi, TMs and OB
. * RS A A X
o % A = £ 3 z 77 5

Vacuum chamber

(3 Pa-room temp.)



Design of suspension system
Suspension system consists of two chains

Main chain Damping magnet chain
(10.1 kg) (3.6 kg)
GAS filter GAS filter —
35 cm ]
] Magnet support
I
M Magnet support
Intermediate

TESt mass ==

v Optical bench
30cm —— Optical bench




Design of optics

Top view of OB Differential FP cavities
« 2 FP cavities between TMs to detect
Tl ey differential rotation
=1 (O mm)

Reduce noises from OB vibration

—1
(B5T:35mm)
Actuator

 Actuate TMs with coil-coil actuator

Reduce magnetic field noise

a4)L-31)
FPI)F1I1T—4H

* Auxiliary sensor

Y. Oshima+
JPS(2024)
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Torsion pendulum control with FP cavities 24/49
Control TMs’ rotational motion with FP cavities

and Long movement changes cavity length

& 2DoF control is required
IS necessary

Yaw differential

L1=L0+d9
L2=L0—d9
Long C common >

L1=L2=L0+6




Torsion pendulum control with FP cavities
Feed back control for each mode, Yaw and Long

Yaw signal to coil-coil actuator
Feed back . . .
Long signal to coil-coil and laser frequency actuator
%rﬁiﬁsl »Coil-coil Bl iz E— K
M ¥ Sl q - s o
;_trﬁi‘iz I-|> — ™ coil-coil i EE— Kk 0 = Vi
4 N -
f >  sw@7Lz- T .
11 HiRERHE Acoityad]
N RFFUCIE o — Whra
b TARNFAFIR— ) rl1
= J74N— Feom| [Flaser
|
774 N— oo
T E—ARTUvE—) ]




Torsion pendulum control with FP cavities
Sensor (Fabry-Perot cavity) N 2|
error signal from differential signal

L.oNg error signal from COMMON signal — —

peak Control

Locking to the cavity transmission slope via DC offset

 Larger control range
Offset IOCk * Don’t need RF PD

Actuator (coil-coil, laser frequency)
actuate with differential mode of coil-coil actuator

Long actuate with COIMIMOI. mode of coil-coil actuator & frequency.actuator

Frequency actuator works symmetrically on both cavities



Lock acquisition

Lock acquisition: the process of acquiring controlled state from un-controlled state
: | § Acquiring controlled state from free-run(un-controlled) state
\ n n
: requires actuator with high authority & fast response

In this work...

solution @idtm@

Requirement @ laser frequency actuator

1 Bandwidth ~1kHz . Bandwidth of coil-coil actuator is limited ~50Hz
N

L by CDS delay
(2) 2DoF lock acquisitio _
(2 Stepwise lock acquisition(DoF by DoF)

Lock common mode with freq. actuator first.
After that, lock differential mode.




Lock acquisition
Method of lock acquisition

@ @ ® @ A7tk
L—g—Egsy | Qitoil @ilaoil S = R 4L
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(Dlocking common mode with freq. actuator

(2)stabilize common mode with coil-coil common mode
(®locking differential mode with coil-coil differential mode
(®adjusting offset levels



Measurement result
Rot

10-4 EE P

07y

Rotation [rad/v Hz]

10—12 :é

ation sensitivity

easurement of this work
! :—— 0shima2024 )

— OpLev in previous research 1
Ph.D Thesis (2024

Y. Oshima

— This work

1078 §

100

frequency [HZz]

Measured TMs’ rotation with

‘ main sensor; FP cavities

Compared to previous result,
Sensitivity improved

~2 orders below 4Hz

~4 orders above 4Hz

Mainly due to

* Reduction of sensor noise
 Mitigation of OB vibration noise
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Measurement result and noise sources
Rotation sensitivity and Noise budget

- — differential rotation

—— —— Long_seismic

M| | oczsHzseismic noise
" ® 1 | abovesoHz ADC noise

""'“’"ﬁr'hL]ﬂk Wy
— Measured sensitivity "T"‘rmu UGF of cavities control is ~20Hz
— ADC noise NI | i

\___-ong. Seismic noise )

frequency [HZz]

\Rotation [rad/VvHz]




Discussion of noise source@ ADC noise

Digital system noise
Noise floor above 60Hz is limited by ADC noise

50 l Vi

)Q S yvaw T >

F, VAW

Acnil,yaw

Amplification of the signal before CDS
mitigates ADC noise

frequency [Hz]



Discussion of noise source 2 seismic noise 32/49

In principle, Translational seismic motion is not a noise source,
but it couples to imperfection of system(ex: TM tilt) to be rotational noise

Estimated seismic motion contribution from coherence with seismometer signal

" Long

2

] 0.4
0.2 /\/\/\AJV'V
0.0

Pitch

~Trans

GAS AL Vert

TMVert |

,,,,,

Significant coherence with Long. seismomeler

Trans, Verté H R E— FOHEIRE— 7 Tl
Ok—L Y RXHY

Long. SeiSmIC noise is dominant

Couples to TM1 Pitch tllt
TM2 Roll t|It

| LongHsEIREN A © [EER A ~ DI EE% % A E
HIEIRBIMZT DR R Y FILAEHTTE L7:

Adjustment of TM DC tilt
mitigates Seismic noise




Discussion of noise source @ signal couplings3/49

If common/differential decoupling is insufficient,
longitudinal motion leaks into the rotation signal

As well as coherence with Long., coherence with common signal is also significant

& Overestimation of

coherence
(=] [=]

seismic noise

HiReR1

Common

coherence
o o

Trans

HIRER2
Trans

. |—> differential
B ? i

——> common

Adjustment of sensor balance
decouples signal




Measurement result
Strain sensitivity

Strain [/VHz]

1072 1071 107

frequency [Hz]

101 102

Best sensitivity In
Phase-II TOBA

Phase- I is still best at 0.1Hz



Problem in calibration

Tension in Sensor efficiency of cavity

Measured value Theoretical value

YT ZDOFHhEK, HiRSESXF v o —27EE
coil-coill 77 Fa2 LT —X—D . 7€y FEh b,

SHER A b JIE |- 32 S COEE % &

2 s larger smallef”™ GERG:

Generally, measured value can’t be larger than theoretical value
(SRTFAVICEDATTAHATAVOEBETH O, BRELVENMEL R DHEIEH D)

& Due to overestimation of sensor efficiency,
overestimation of sensitivity?

Another calibration method is required



Future prospect

2)seismic noise reduction

OpLev * TM tilt adjustment

e
Reach aEinEIN o E-REE]

wiesign of
his work

Rotation [rad/vHz]

. (3thermal noise
Trans seismic reduction

Ncise

» Cooling down

Frequency [Hz] Freq noil%e



Planned improvement in current setup

® Common / Differential decoupling

® |njection into frequency actuator(common actuator in principle)
® Depends on the consistency of two cavities

® After sensor decoupling, also decouple coil-coil actuator

® Revise calibration method
® [njection into frequency actuator(Transfer function is known)
® Not relying on oplev.




Looking back my Master’s work
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Local sensors 40/49

Why local sensors are required?
® Damping for lock acquisition—eddy current damping for TM currently
® Monitor of DC tilt? Maybe not sensitive enough O " g

Severe space constraints HERNY FISBEEXTTF 7.
Desired modes | New oplev.
® Roll(Current oplev.s) C Jestmasses DL o camaor

® Pitch(oplev. from IM?) Optical bench

® Longitudinal/Trans(photo sensor from OB?) 1:%“
® |M? e

b D—Jbé

RMS is dominant in Roll & Long. Resonant mode
INorEFTHEX 7T LW



Actuators for Roll & Pitch mode

Roll & Pitch actuation for tilt adjustment is required

Slots for Roll & Pitch coil-coil actuators
DC actuation from OB
YawD BRE Z2 5 S I \WLvh 7
Also useful for damping in lock acquisition

Piezo driven setscrew
Purely adjust center of mass and tilt
Cryogenic compatible
TMICH DT X ) FHE/ LGB

JPE



Better damping for Intermediate Mass

Current damping is overdamping for Yaw mode,
but trans. Mode should be damped more

Damping from outside of IM tends to be
overdamp for Yaw

» L ) REAITTrans. #X > 7 L7=L

bo EAAIOIARL?

”I '777/ vf’ |~ e oL« .



Steering mirrors for trans PDs

ZbHbZ b EFRAHLAEE DT BHDH.
83t TDOPDHIZER TORFERAHE LAYk L UL
Ny ~100kHz D ZE T&BHPDH?
—EMEDv?%ﬁ\meKﬁiéﬁ%%ﬁi

N

» PDs for Transmitted light, no steering

EQIHRTT I TiEERLCIAHATZL...

-"' 4 & ¢'~
Collimator -
EOM H ,L2ser_

From Oshima-san'’s slide



360° rotation stage

z2hvzo | Range of rotation stage is insufficient
g L0507 | to compensate DC drift

\ 360° rotation stage is desirable

Picomotor™BEEEIEER 57—
Picomotor™ Rofary Stages

é

)

i
2
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ogenic test

® Steering mirror

® Rotation stage

® PD circuit



Plans toward my master thesis

D1

(FY2026)

D2

(FY2027)

D3

(FY2028)

(

A * . * *
Dx \%{O //) ‘9(/ ; 7 ONX
‘ < ®L<®/~ Q. A v, ((Q 'OCD \Q/’ OQ <</\0
Lo %, % e | R N g»?b?%»<%/ q%éb-
% G4y 10 % Lo o> (‘(,((
—k Kk ok k| TRk . *;
3 1 > ’ > _ >
-Ommissiong pn Assemble Tii adjustment, commissioning ~ Write paper?
current setyp new setup Cryogenic Cryogenic_*
Design new setup equipment test| setup design
> >
Assemble Noise hunting
cryogenic setup Develop AVIT?
Design better suspension? | QLEA,P
—— —— %
Commissioning, observation Write thesis 2




summar 49/49

® TOBA is a ground-based GW detector for low frequency using
torsion pendulums

® Currently Phase-II TOBA is developed in Ando Lab.

® I am mainly developing the suspension and optics

® | managed to lock cavities

® Now I'm trying to reduce seismic noise and thermal noise by
tilt adjustment and cooling down



50/49

Bonus slides



AVIT; Active Vibration Isolation Table 51/49
® Actively isolate vibration on the suspension point(table)

® 3 DoF(x, y, z) control with geophones and piezo actuators

Geophone
X 6 . '

S. Takano(2019)
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AVIT 52/49

Cross over _
o frea. ® Sensor noise of geophone
O b AN e Gy, . .
e 4 = G increases in low freq.
S | ® High pass the signal from
‘2‘5 | ontrol with geophones
- geophone signa
Contreol with | _
photo sensor | | ® Blend the signal from photo
signal 7 e ° - sensor(as relative sensor) to
i compensate DC drift
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