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Type-A 
Suspension
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Ground

Mirror
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Suspension
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Type-A Suspension

 
5  

 (IP):  ~ 70 mHz 
Geometric Anti-Spring (GAS) :  

 ~ 300 mHz 

 
4  (~ 20 K) 

: .  kg 



Pre-Isolator



Bottom Filter



C
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プラットフォーム 
(PF)

マリオネット 
(MN)

中段マス 
(IM)

テストマス 
(TM)

 ~ 200 kg

PF

MN

IM

TM

MNR

IRM

RM



観測帯域での 

防振

RMS  



1. 

FILaser

防振比

IP STAGE

地面-IP 
振動伝達率

IP-鏡 
振動伝達率= x

測定 + モデル推定

地面

実測定



By Y. Fujii

 

 > 1 Hz



. RMS

x = Ax + Bu
y = Cx + Du

Payload servo

BF servo

GAS servo

IP servo

State-space model

 
 

 + 
DC  (< 1 Hz) 

 
 + 
 

(> .  Hz)

IP GAS BF

Payload



 - 
 

MN-MNR  

 
MN  

 
IM-IRM  

 
TM  (L, P, Y)

MN

TM

IM



 - 

 
MN-MNR 6  

 
IM-IRM 6  

 
TM-RM 3  (L, P, Y)

MN

TM

IM



Longitudinal

Roll

Transverse
Pitch

Vertical

Yaw

(beam axis)

DoF RMS [urad]

Pitch
< 0.2

YAW

 



TM

MN

IM

TM

MN

IM

Broadband 
feedback 

Generic 
Band-pass 
feedback 

ACT.

SENS. ACT. SENS.



Pitch Yaw

DoF RMS [urad] Req. [urad]

Pitch ✅ 0.103
< 0.2

YAW (✅) 0.220

  ~ ✅ OK 

Next step: 
  
 (P, Y) RMS < ~  nrad

By M. Nakano
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KAGRA Coming Soon!



Backup Slides



Components

Type-A Type-B Type-Bp
9 stages 

Inverted Pendulum 

GAS Filter x5 

Payload: Cryogenic 

For 4 TMs

5 stages 

Inverted Pendulum 

GAS Filter x3 

Room-temperature 

For BS and 3 SRs

3 stages 

− 

GAS Filter x2 

Room-temperature 

For 3 PRs



Performance

B

BpA

Both horizontal and 
vertical motions 
contribute the 
displacement noise

cf.T. Sekiguchi, PhD thesis (2014)



Tower

Pre-isolation stage 
Inverted pendulum legs 
Horizontal resonance ~  mHz 

Mechanical filter chain 
 geometric anti-springs 

Vertical resonance ~  mHz



CRYOGENIC Payload

radiation + Conductive cooling 
Black coated surface 
Pure aluminum heat links 

Sapphire test mass & Fibers 
Weight: .  kg (ears included)  
Hydro-catalysis bonding



Degrees of Freedom

Longitudinal

Roll

Transverse
Pitch

Vertical

Yaw

(beam axis)



Heat Link
0.15 mm 
thin wire

0.15 mm x7 twisted wire

0.15 mm x49 
twisted wire

0.15 mm x49 twisted wire x7 in parallel

cf. T. Yamada Master Thesis (2018)

N ( . %) aluminum wire 

High conductivity ~ .  kW/m/K 

Low sti ness: kstrand =
1
43

ksingle



Heat Link induces Vibration
by T. Yamada



Heat Link Vibration Isolation System

by T. Yamada



PF

MN MNR

IM IRM

RMTM

Outer shield (80 K)

Inner shield (8 K)

Duct shield (80 K)

Cooling
bar

Heat links Heat link
vibration isolation
system

Wide angle baffle 

Heat Link Vibration Isolation System

HL-VIS

Heat 
links



Vibration in the Cryostat
Di

sp
la

ce
m

en
t [

m
/r

tH
z]

Frequency [Hz]

cf.T. Ochi, Master thesis (2018)



HL-VIS Design Performance
by T. Yamada



Vertical-to-Longitudinal Coupling

1/300
1/300

(Vertical)
(Longitudinal)

Center
X-end

Y-end



Vertical-to-Longitudinal Coupling

1/300
1/300

(Vertical)
(Longitudinal)

2017.04.11



Payload Structure

BF

TM

IM

PF

MN

IM

TM

BpB A



Payload Structure

BF

TM

IM

PF

MN

IM

TM

IRM

RM

MNR

IRM

RM

BpB A



Vibration Isolation Ratio Measurement



Local Sensors - Tower
LVDT 
IP-ground displacement 

Geophone 
IP inertial velocity 

LVDT 
keystone-body displacement 

LVDT 
BF-frame displacement

IP

BF

GAS



Local Actuators - Tower

Voice coil actuator 
IP-ground force 

Voice coil actuator 
keystone-body force 

Coil-magnet actuator 
BF-frame force

IP

BF

GAS



Torsion Mode Damping
Requirements 

Yaw RMS at TM < 0.88 urad 
Mode decay time < 60 sec.

Longitudinal

Roll

Transverse
Pitch

Vertical

Yaw

(beam axis)

Si
ng

le
 w

ir
e 

co
nn

ec
ti

on



BF Damper

LVDT + Coil-magnet actuator unit 

 DoFs sensing & actuation w.r.t. 
the ground



Damping LooP



Decay Time Measurement

Mode Decay time

#1 961.4 sec.

#2 158.6 sec.

#3 1155.5 sec.



Decay Time Measurement

Mode Damped Decay time

#1 24.8 sec.

#2 43.9 sec.

#3 9.5 sec.



Yaw Mode Damping



Yaw Mode Damping
Undamped 

1.53 urad

damped 

~ 0.23 urad

Requirement



Modal Damping

Decouples sensor signals into modal 
amplitudes

Stage-basis Modal-basis



Vertical Modes
#1 #2 #3 #4 #5

F1

F2

F3

BF

DP



GAS Filter Response (1)
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Stage-basis Modal-basis

Model Prediction



Gas Filter Response (2)
Measurement Result

Stage-basis Modal-basis

Modal responses can make the lter design simple



Modal Spectrum
Measurement Result

Undamped 1st & 2nd mode damped



Hierarchical Control

TM

MN

IM

TM

MN

IM
AUX

FI

AOM

Fast 
Signal

Slow 
Signal

Suspension 
Actuators

Stage Actuation per coil

MN 0.0015 N/A
IM 0.016 N/A
TM 0.43 N/A


