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KAGRA-SAS (Type A & B)

Pre-isolator

(Inverted Pendulum Stage)

Geometric Anti-Spring filters €<— _

(3 or 6 stages)

Payload
(Mirror Suspension)
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Pre-isolator

* Inverted pendulum (IP) stage provides attenuation of
micro-seismic peak and controllability of mirror position.

Accelerometer
(Replaced by L-4C
Geophone now)

Motorized blade
spring for D

positioning
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LVDT and

Voice coil actuator ===
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Simulation and prototype experiment have been done.
S

Further optimization of the control is necessary.
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Geometric Anti-Spring (GAS) Filters

* Vertical springs tunable at as low frequency as ~0.25 Hz.

* Filters are suspended by single wires.
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Torsion Mode Damping

Large decay time of torsion modes has been a big problem in TAMA, Virgo.
Passive eddy current damping is proposed.

Simulation has been done, but verification by experiment is not yet;

Frequency Response

Filter 0 FO
MD
Damper F1
s W - / Conductive Plate F2
F3 e
| Lower Stages | — With damper
PF+IR -.| — No damper
~70cm T

Frequency [Hz]
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Payload

* Mirror suspension system with local sensors and actuators

* Mirror orientation and position is controlled at the
intermediate stage.

* Intype-B, OSEMs are used for the local control.

Bottom Filter
s

7
/\/\} Intermediate Mass

/ Intermediate Recoil Mass
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Local sensing & control /

Test Mass

/ Recoil Mass
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Prototype Testing Status & Plan

Pre-isolator

— In-air experiment of IP control, with combined sensor
(LVDT +geophone) and LIGO digital system @ICRR

— Test in vacuum is planned at 2014.2. .’ m —

GAS filter
— Mechanical isolation performance is measured @NIKHEF .. .

e, T A

— Torsion mode damping will be tested from 2014.2.

Type-B (Room Temperature) Payload
— Assembly test is on going @NAOJ.

— Test of the optical lever is on going.
— Control test with OSEMs will be performed soon.

Full Type-B prototype test will start from 2014.6.
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PrOtOtVPe Testing Status & Plan
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Cryogenic Payload
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Type-A SAS and Cryogenic Payload

Scientific Requirement

e Sapphire mirror must be cooled down at 20K e
(from mirror thermal noise requirement)

* Enough heat path must be prepared to subtract ~¥1 W heat
from laser absorption.

e Residual vibration noise (seismic noise + suspension thermal
noise): < 3x10° m/rtHz @10Hz

 RMS requirement for IFO locking: 0.1um/sec (TBC)

s m,
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Cryogenic Payload Preliminary Design

* Triple pendulum ‘ PlatForm
. f -
* Test mass is suspended by —a—7—w—-\J Intermediate Mass
thICk Sapphire fibers for Intermediate Recoil Mass
. 400
heat subtraction /;
e Heat links are connected v 7 M
A
from the cryocooler —
300 Test Mass
/ Recoil Mass

Sapphire fibers
(P 1.6, L300)
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Heat Flow in Steady State

* Pure aluminum (5N) heat links are used for heat conduction.
} to sas
Platform: 120 kg Thermal simulation
| GASFilter ~03Hz 15 K | 8 K by Y. Sakakibara
N B
Sy
Intermediate
Mass: 60 kg
|
17 K I 16 K ‘ 1 5 K Intermediate
T Recoil Mass: 60 kg
~_ 23 K2} 16 KI-
ﬁ.l | | | -—» Heat Flow
Laser ‘//l Test Mass Recoil Mass
/ 22.7kg 373 kg — Sapphire Fibers (q)1.6 hm, L=30Cm)
Scattered Light

14
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Problems of Cryogenic Suspension

* Thick sapphire fibers have large
stiffness in stretch and bending

» Vertical resonance at ~120 Hz appears in thermal
noise spectrum.

» Difficulty in balancing the tension due to small
stretching length of fibers (~20 um)

» Effective flexure point is 5 cm away from
suspension point due to large stiffness of bending

* Large vibration is transmitted through heat links.

* Cryogenic compatible displacement sensors, actuators (motors)
 How to compensate temperature drift of the spring?

* Material of wires, springs, masses

Takanori Sekiguchi

Meeting @ Stanford University, Dec. 10th, 2013




I1Se

ion Thermal No

Suspens

Thermal fluctuation

at RM & IM transmit

directly to the mirror
sensitive frequency!!

Huge peak at most

IIIIIIIIIIIIIIIIIIIIIIIIIIII

500 1000

TM Violin

IIIIIIIIIII

Vertical

IIIIIIIIIIIIIIIIIIIII

tal

orizon

H

Upper Stage RM
— Vertical TN / 300

|

—i L2}
L] Ll |

| |
= =
—l -l

[z /w] yuswsoerdsi(y

Frequency [Hz]

™
—
o
~
<
)
(@]
—
o
b}
£
S 2
2%
>z

]
3 2
= €
o >
C ©
MM -
=< 2
L c
@
+—
h
0o
c
s
O
1}
>




Vibration via Heat Links
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R&D

* Sapphire cantilever springs to mitigate vertical stiffness of
sapphire suspension

* Further attenuation of heat link vibration
* Improving suspension thermal noise
e Establishing control scheme

* Cryogenic OSEMs: test of PD & LED
e Spring material for cryogenic suspension (CuBe)
« Stepper motors for cryogenic use

Takanori Sekiguchi
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Modeling of SAS

‘HSHMCQE _in Mathematica Q

-t

* 3-D Rigid body simulation

* Rigid body + elastic elements (wires and springs)
* Frequency domain simulation

e Structure damping loss = estimate thermal noise

Takanori Sekiguchi
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Modeling Tools

S UM CON in Mathematica Q
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Modeling of Heat Links

* Transfer function of heat links is estimated by FEA (COMSOL)
 Modeled as a spring with frequency-dependent stiffness coefficient

Simulated TF of an aluminum fiber:
Attached to a 50kg Mass

T
}{._
Yol

—Z

absitf) (1)

0

freq
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Control Models

FEM

COMSOL
* Heat link TF

Mechanical Suspension Control
Model Model

Mathematica State-Space MATLAB / Simulink
Model

S UM CON in Matlhematica

spenston odel  struclor

oy

»

A B C D
* Seismic noise

* Vibration from heat links

* Controllability check
* Servo filter design
* Sensor/actuator noise

* Eddy current damping
* Suspension thermal noise

Takanori Sekiguchi
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ing Tools

Model

Simple viscous damping..

Frequency vs Damping Time

zGround —> zTM
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Strategy

* Control strategy
— Control before locking
— Control after locking

* What is the requirement for each case?
— Damping time
— RMS displacement / velocigy
— (Sensor / actuator) noise

Takanori Sekiguchi
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END
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Overview
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Overview

Type-A: Large seismic attenuation
system (SAS) + cryogenic suspension,
utilizing two-layer tunnels (~13 m)

Type-B: Smaller version of SAS with
room temperature payload (~3 m)

Type-C: Stack + double pendulum,
Design identical with TAMA suspension

Takanori Sekiguchi
Meeting @ Stanford University, Dec. 10th, 2013
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Function of Pre-isolator (1)

* Translation mode of the IP stage can be tuned at 30-50 mHz.
e |t attenuates micro-seismic peak (at 0.2 Hz) by a factor of ~10.

—_— measured horizontal average noise [P3D (m/s2)vwHz)
0% minimum noise
maximum noise

Predicted noise after pre-attenuator [PSD (m/s2)WHz]

- 10% minimum noise

T S | — i

Acceleration PSD [m/sec?/rtHz]

10" L
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Function of Pre-isolator (2)

 Mirror DC position control

Replaced by L-4C

* Active damping of pendulum modes Geophone

inverled pendulum
leg - harizontal
compliance

1LVDT - horizontal . ! SIEDWF motar
Hposition sensor - v actuated spring -
= static horizontal
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Servo

Geophone
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Pre-isolator Prototype Test

T

* |P stage (tuned at 80 mHz) is controlled by
digital control system from LIGO

e Air disturbance and low frequency noise of
geophone are the main problems.

e Testin vacuum will start from 2014.2.

: Control OFF
L 11 I ............................ Cﬂntrﬂl DN

Magnitude (um/Hz' ")
=

..............................................................................................

.............................................................................................................................

2 8 3
|
il
y
TTET T v i
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Geometric Anti-Spring (GAS) Filters

e Using anti-spring effect, the vertical springs can be
tuned at as low frequency as ~0.25 Hz.

* Filters are suspended by single wires to achieve low
resonant frequencies in all 6 DoFs.

Takanori Sekiguchi
Meeting @ Stanford University, Dec. 10th




Standard GAS Filter Test

Prototype test at NIKHEF:
v" Tuning of resonant frequencies

v' Measurement of mechanical transfer function

T e

10 _ , ...... ___ModeI,Qz'IB, Bzo.ooos_

Transfer function
—
(]
1
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e L

" N N 5
10 10 10' 10° 10°
Frequency [Hz]
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Torsion Mode of Suspension

* Large decay time of torsion modes of the attenuation chain was a big
problem in TAMA-SAS and Virgo SA.

p Actuation by coil-magnets

‘ Digital
Control
| System . \
—y P —) Thetopor  ACtive damping system is used in TAMA-SAS,
L ‘1 L ™e” butitis not usable for large excursion due
Sensing AL AN~ mrers o limited sensor range...

differential ]
photosensors f;}.__l.f =

[

Mirror
:Ll SUSpensIon

Mimor

Takanori Sekiguchi
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Torsion Mode Damping

e Passive damping system for KAGRA-SAS
* Tuning of wire thickness is required for effective damping
* Simulation has been done, but verification in experiment is not yet;

Filter 0 Type-B
FO
Damper S
Conductive Plate F1

F2+IR

IM+RM+MIR

~70cm

Takanori Sekiguchi
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Payload (Mirror Suspension)

* Mirror is suspended by 2 loops of tungsten fibers
from the intermediate mass (IM).

 [Mis suspended by a single wire and its 6 DoFs
motion is controlled by OSEMs.

Bottom Filter
i

/—\_/-\J Intermediate Mass
/Intermediate Recoil Mass

e Test Mass

Takanori Sekiguchi
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Test Mass & Recoil Mass

Takanori Sekiguchi
Meeting @ Stanford University, Dec. 10th, 2013




Intermediate Mass Structure

Motorized counter-mass
For DC alignment

Wire clamp for TM & RM

Takanori Sekiguchi
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OSEM

* Local sensor and actuator for the payload control.

* Improvement & test: Nicholas Lockerbie

Optek OP 232

Optional lens with support

Takanori Sekiguchi
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* Circuit diagram designed by Nick. 8 ) (g

a7y
= 25V

R2= 47 xRI T -y

V,..=500V RI =40R, R2 = 1k88
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OSEM

* Sensitivity :
measurement by Nick

Takanori Sekiguchi
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Payload Prototype Test

*  Dummy mass suspended by @©0.2
tungsten fibers

 Alignment of TM & RM is performed.
* OSEM assembly check is done.

\F‘.\ 7

‘-A -..\\' g

/N ‘ |
n z}' o — 1

¢
{4
|
. _1
% sy = ' : i
|
|
i |
A * .
~ X ‘ = L L]
‘R 4
-
>

* Tuning of flag position is done.

e Assembly and control test of the
intermediate stage is to be done.

Takanori Sekiguchi
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OSEM Prototypes
« OSEM #6
—2| OSEM #7
i i
* Test with simple circuits for LED and PO :
* No light guide is used. Z s
Ay
« Misalighment of LED is a problem. i
—12|
o, . o T s 1 s 2 25 3 35 4 45 5
* Nick’s circuit is to be tested. MiESSs el
107 ‘ . STERT TR Gradient of the PD signal as a function of flag position for OSEMs 5-7
EEiiee Bl : e T ' —OSEM #5
SSEHY St
B | ] 2a |
3 : i ik (b i o
Z | &
- | 1 w4
M. ..Pl | I_ )
o bl .,“ % o- / — _
o 16“ 16" 16‘ 162 o5 1.5 2 25 [ 3 | 35 4 45 5
s ag pUSl 1011 | ImMIn
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Optical Lever

e Light source: SLD 660 nm, 1ImW
* Detector: PSD

* Large Drift (~1urad/h) of beam axis is
observed in bench-top test

200 | ] | |

—
hi

of b ‘\,r,,ygug@umwwm*.*“ﬁMWWMWM

-100 .

Temperature + Constant drift...

& I ] ]
200 400 G600 800
Time [min.]
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Summary

* Prototype tests of GAS filters, inverted pendulums
and payload are on going.

Planned Tests:

e Assembly test of IM (Payload) :2014.1
* Control test of IP in vacuum :2014.2
* Prototype test of Full type-B : 2014.6

Takanori Sekiguchi
Meeting @ Stanford University, Dec. 10th, 2013




Cryogenic Suspension Design
and Modeling

Takanori Sekiguchi
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Status and Schedule

Cryogenic suspension

* Design and R&D are still on going...
* Installation of first cryogenic payload starts from 2015.6
* Preliminary design must be finished until ~2014.6.

Takanori Sekiguchi
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Type-A SAS +
Cryogenic Payload

 ~13 meter suspension housed
in two-layer tunnel

e 6 stages of GAS filters

Top Filler [FO)

B50

i =

50

115

‘H}{l 227

5785

! Tfﬂml&il’." D esr (MIDY)
Slandard Filter 1 §F1)

1l

2271
Slandard Filter 2 F2)
1

227

Slandard Filter 3 F3)
AN CR

i

1l

3370

10 -2373
Bodiom Filler [F4)

—EF‘Q} e

100

4130

R

1406k
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Cryogenic Payload Requirement

Takanori Sekiguchi
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Cryogenic Payload Preliminary Design

* Triple pendulum ‘ PlatForm
. f -
* Test mass is suspended by —;—W\J Intermediate Mass
thICk Sapphire fibers for Intermediate Recoil Mass
. 400
heat subtraction /;
e Heat links are connected ) 7 M
A
from the cryocooler —
300 Test Mass
/ Recoil Mass
¥

Sapphire fibers
(¢ 1.6, L300)

Takanori Sekiguchi
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Heat Flow in Steady State

1W heat absorption from laser is assumed.

Pure aluminum (5N) heat links are used for heat conduction.

| 0 5AS
Platform: 120 kg Thermal simulation
| GASFilter ~03Hz 15 K | 8 K by Y. Sakakibara
N B
g
Intermediate
Mass: 60 kg
|
17 K I 16 K ‘ 1 5 K Intermediate
T Recoil Mass: 60 kg
~_ 23 K4}16 K-
ﬁ.l | | | — Heat Fl{}w
Laser 7 Test Il\{‘lass Recui: Mass
22.7 37.3
; £ == Sapphire Fibers ($1.6 mm, L=30cm)
Scattered Light

58

Takanori Sekiguchi
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Problems of Cryogenic Suspension (1)

* Thick sapphire fibers have large ‘

stiffness in stretch and bending MJ

» Vertical resonance at ~120 Hz appears in

thermal noise spectrum. |_| M
>

Difficulty in balancing the tension due to
small stretching length of fibers (~20 um)

.6 mm, L=30cm)

» Effective bending point is 5 cm away from
suspension point due to large stiffness of
bending

Takanori Sekiguchi
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Splitting of Violin Modes

- ] L IIRERR i L HER R
1[}_1:'____J.__|_J_|_LJ.J.L_____|___L_J_L_|_LLL| _____ d_o oL doa ]
3 ] R 1 1 R 1 ' R 3

Lo Violin modes can be
split into 4 different

peaks

107171

ID—IQ

1072145

IU—EE
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Heat Link Transmission

* Thick sapphire fibers have large

stiffness in stretch and bending MJ

» Vertical resonance at ~120 Hz appears in

thermal noise spectrum. |_| M
>

Difficulty in balancing the tension due to
small stretching length of fibers (~20 um)

» Effective bending point is 5 cm away from
suspension point due to large stiffness of
bending

Takanori Sekiguchi
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is too large.




Cryo-Payload Design
Consideration

Takanori Sekiguchi
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Cryogenic Payload Design Starting Point

* Triple pendulum design ‘

* Cryogenic GAS filter
* Sapphire springs \L_/‘\-"\J Plattorm

-

* Sapphire fibers (0)1.6, L300) — Intermediate mass
/ and its recoil mass

Test mass and
its recoil mass

* Aluminum wires for heat conduction

Takanori Sekiguchi
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Heat Link Design and Vibration Transmissivity

* Pure aluminum (E=70GPa, Loss=1E-2)
e Semi-circular shape with R150, L=470
* Number of fibers: 2x2=4 (symmetric cabling)
* Each fiber consists of 45 strands with ©0.15

Simulated TF of a strand fiber:
Attached to a 50kg Mass

}{._
Yol
—Z

absitf) (1)

0

freq

Takanori Sekiguchi
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Heat Links

ion via

[ ]
Sapphire cantilever with 10 Hz bounce frequency

GAS filter @Platform tuned at 0.5 Hz
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Heat Links

[ ] [ ]
10N Via
Additional vertical isolation with 2 Hz spring

Vibrat

SrF T

(EH)

Add Filter (V1%)

varBRSEQN
varDRSEQN

Dt (H)

Add Filter

DeSult (V1%)

AT T T TAT T T T T TOTTTN

s Eh B M

- L LLL

2-4 orders of magnitude margin above 10 Hz

10—14 -
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ion Thermal No

GAS filter @Platform: Q=1E3

Suspens

Sapphire cantilever : Q=1E6

Platform

Intermediate mass

and its recoil mass
Test mass and
its recoil mass
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ISe

ion Thermal No
GAS filter @Platform: Q =1E3 = 10

Suspens

Thermal noise of GAS filter is important!!

Platform

Intermediate mass
and its recoil mass

Test mass and
its recoil mass

varBRSEQN
varDRSEQN

Thermal (H)

sxpphireviolin
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ISe

ion Thermal No
Resonance @20 Hz can be removed when the recoil mass

is suspended from intermediate recoil mass

Suspens

Platform
-

Intermediate mass
and its recoil mass

Test mass and
its recoil mass
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Consideration

 Thermal noise & heat link vibration can be OK in this topology.
* Controllability, control noise should be investigated.

* How to compensate thermal drift of GAS filter?

10 Hz sapphire cantilever springs can be achieved?

 Good Q achieved? Any degradation by heat links btw masses?

Takanori Sekiguchi
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Cryogenic Payload Tentative Parameters

395

Mass Distribution

Platform PF 62 kg
Intermediate Recoil Mass IR 45 kg
Intermediate Mass IM 53 kg
Recoil Mass RM 34 kg
Test Mass ™ 23 kg

a2

Spring Rate
Q Fo
GAS Filter at PF-IM 1E3 0.5 Hz
Sapphire springs at IM-TM | 1E6 10 Hz

Takanori Sekiguchi
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