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Terrestrial gravitational wave detectors suffer from seismic disturbances which % o S t '
fluctuate the mirrors of the interferometer. The vibration transmits to the | R Emm i e B a y u n e M
mirrors can be attenuated by suspending the optics like a pendulum. The i
vibration isolation systems used in KAGRA are multi-stage suspension systems ~§ .
with local sensors and actuators; the suspension systems provide not only -
seismic attenuation but also controllability of the mirrors. Here we present the - 5 Llll effect « £,2/ f2
performance test of the vibration isolation system for the main mirrors (test — > 104 i -

masses) in KAGRA, called Type-A suspension, Frequency (Ma)

i What's Type-A suspension? g Tests & Results

* 13.5m tall, 9-stage multi-stage suspension (right fig.)

+ For 4 test masses in 3 km arm cavities N Transfer function .
i . f Y \N\ measurement ()

% Tower: upper 5 stages - | ~ .

+ Frequency response

« Room temperature (~ 300 K) = « Compared with
jon | I e model prediction
« Key components for vibration isolation performance e L
implemented (listed below) i ’-_’_‘J.. I+ Grossbehavioris as
Main target of this study: e expected
To evaluate the performance of the Type-A tower
Inverted pendulum (IP) Torsion mode
damping
Horizontal low-frequency oscillator
© Pre-isolation stage: f, ~ 70 mHz :rd:“mnhf"““
© Static po|s‘rtioni|ng of the bottom filter control
P on o RMS ~ 230 nrad v/
Decay time < 1 min v/
Geometric anti-spring (GAS) filter (@4 oscri be
Verticall low-frequency oscillator Modal damping |

% 5 stage chain: f, ~ 300 mHz in GAS chain
# Vertical fluctuation couples Coupled mode
cavity length variation decomposition v/
Functionality v/
% Payload: bottom 4 stages Independent mode
ing v/
« Cryogenic temperature (~ 20 K) (eI
« Key components for vibration isolation
performance implemented (listed below) a 5 — Vibration isolation
+ Out of scope in this study I M “* ratio measurement
§ ' 4, | * Using MICH signal in
% s phase-1 operation
§

g Installation & Test set A
y * Measured data +

* Type-A tower installed at the X-end is model extrapolation
tested e L Estimated: 107 v
Tower and payload are separately
installed into the vacuum chamber then
integrated later

Performance test of the Type-A tower is
done before integration with the payload
A dummy payload with equivalent weight
is suspended during installation and the
test

We constructed Type-A suspension satisfying the
basic requirements for vibration isolation
Modal damping is implemented and validated

Full Type-A suspension will be tested and
commission

W
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Type-A Suspension

9-stage multiple pendulum
 Top 5 stages: Tower (~300 K)
 Bottom 4 stages : Payload (~20 K)

e
» For high vibration-isolation performance...
13.5m - Lowering resonant freq. Cascading
_ 102 — N=1
g 100+ — N=2
é 100+ - N=3
8 2 E 102 — N=4
e i £

% ©
o o
~

Frequency [HZ] Frequency [HZz]



Scope of This Study

Tower

Payload
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Tower: VIS Payload : CRY
— Hardware installation

— System characterization

— Real-time control model construction

— Modeling

— Damping control

@ TARGET

To construct a Type-A tower satisfying
the basic requirements
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Modal damping in GAS vertical modes



GAS Filter

Geometric anti-spring filter
. Vertical low-frequency oscillator
* |Implemented on all tower stages

 Resonant frequency depends on
@ suspended load, blade compression, efc...



GAS Vertical Control

GAS response in stages
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GAS Frequency Responses
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GAS Frequency

1st: 0.17 Hz

Lower-order modes \'
4 @ we want to damp
HOMs, unmodeled couplings
> @ nuisances in servo design
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Can we damp specific modes independently...?

) 4

Modal damping



Mode shapes in GAS
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Concept of Modal
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Modal Decomposition

m Vrogas
12 _1 VFiGas
N3 | = @ M VFacas
M4 VF3cAs
715 VBrGas.
Modal basis Sensor basis

@ . Eigenmode matrix (modal basis — Cartesian basis)
calculated from 3D rigid-body model

M - Sensing matrix



Modal Decomposition in Model

Modal-based TF
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Measured Modal Decomposition
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GAS Modal Spectrum (No Control)
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18t + 2nd Modal Loop Closed
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I N O S 0 1 ¥ S O S X e M1 free
- —— M1 damped
s—— M2 free
+— \
8 — M2 damped
£ 100 N
©
S
9
Q.
2
©
@
o
)
=
successfully!
10-2

B = R
Frequency [HZ]

101




Other Topics

Transfer function measurement Modal Damping in GAS chain
Gross behavior is as Lower-order modes
expected (IP, BF) decoupled
GAS mode shape @ Modal damping worked

mismatch Decay time performance:
to be checked

Vibration isolation ratio
measurement (full suspension)

@ Estimated: 102" < req.

Model vs measurement
mismatch

Only longitudinal, vertical
also to be measured

Torsion mode damping

@ RMS ~ 230 nrad < req.

@ Yaw decay time < 1 min.



Summary

* The installed Type-A tower satisfies basic
requirements for vibration isolation

 Modal damping is implemented and validated In
GAS vertical mode control

 The Type-A suspension integrated with
cryogenic payload is in commission
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2.5 generation laser interferometer

Underground site » Low seismic noise
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KAGRA Noise Breakdown

* Broadband RSE with heterodyne detection

10—18

10—19 :

NS-NS inspiral range

10-20

GW strain [1/HZ"2]

Suspension
s | thermal

107 0 101 102 108 104

Frequency [HZz]
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Advanced LIGO
Livingstone (4km)

\,§ =

Advanced LIGO
Hanford (4km)

Advanced Virgo
3km)

LIGO India
(BERHERE)
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Why Are Mirrors Suspended”?

s X
XK‘ 3. Interferometer control
N —

¢




Michelson Interferometer




Mirror Alignment

—

0.1 mrad

— . 0.006°



Mirror Alignment

;/K Beam fluctuation ~ 30 cm
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Anti-spring Mechanisms

Z

Inverted pendulum  Geometric anti-spring
(1P) (GAS)

~ 0.07 Hz in horizontal ~ 0.3 Hz in vertical

P Adjustable resonant frequency



Anti-spring Mechanisms

IP
Top stage

GAS
All tower
stages
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® Measurement
Model
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BERDBICHE T BRI AT A

A
(b)

suspension wire

---=BSC-ISI~ _ _

= mechanical filter
- — :

.- HEPI~. __

inverted pendulum

Suspended _
test mass

LIGO: Quad suspension Virgo: Superattenuator
~ 102 m/Hz"2 @ 10 Hz ~ 1023 m/Hz"2 @ 10 Hz



Requirements for Type-A Suspension

Value Notes
I= Displacement noise (long.) < 8x102° m/Hz'2 @ 10 Hz, x10 margined
[}
= Displacement noise (vert.) < 8x10"® m/Hz'2 @ 10 Hz, x10 margined
1/e decay time < 60 sec
RMS velocity (long.) <0.01 ym
9
é RMS displacement <1mm
RMS angle (pitch, yaw) < 0.3 prad

Control noise (long.)

< 1x10'® m/Hz2
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Seismic Attenuation Measurement
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T‘T Geophone (ERELZ>Y) x2
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RMS Residual Motion @ DP
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10° RMS
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> ERBEJA—RKIN\v o514
u(t)= —Fx(t), F=R 'B'P
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Iml

5 IR IC & 17 2 IR E

T. Accadia et al., Rev. Sci. Instrum. 82, 094052 (2011)
> Kalman7 « JL % IC & % VirgoffI3iZiR D FDIREEHERE

M. Beker et al., Rev. Sci. Instrum. 85, 034501 (2014)
> Virgo external optical bench® & & fll i

B. Shapiro PhD Thesis (2012)
» LIGO quad suspensionD@EIGE—YILT > EV D

D. Martynov PhD Theis (2015)
> LIGO quad suspensionD YT Z#HlI{EC & 1F D H.
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Decay Time with Damping Simulation
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Implementation

M
12
N3
N4
M5

@ —1 M VFagaAs

Eigenmode
matrix

Podel 0 P

Mismatch

VFocAs
VFicas

VFscas
VBragas:

> ® Imperfect
mode decoupling

> © Let’s do Diagonalization!



Sensor & Actuator Diagonalization

Modal sensing

é | matrix

Excited at each DC gain in modal
mode frequency transfer functions
Update the matrix to cancel coupling elements

Modal driving
matrix

sJlo)en)oy

Sensors




