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< Intro : PR SAS in bKAGRA ( TypeBp )  standard Filter ( SF)
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< Intro : PR SAS in bKAGRA ( TypeBp )

PR TiVis are required :
C T
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_E 1) disp. < 10" m/rtHz at 10 Hz
" 2) RMS velocity < 0.5 um/s
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< Intro : PR SAS in bKAGRA ( TypeBp )

PR TI

are required :

1) disp. < 10 °m/rtHz at 10 Hz
e 2) RMS velocity < 0.5 um/s

3) RMS angular fluct. < 1 urad

Type B
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Problems:

Whole suspension mode
cannot be damped enough|

RMS velocity cannot

reach lower than 0.7 um/s,
because of seismic noise
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< Intro : PR SAS in iKAGRA ( TypeBpp)

! Mode lsolator Bec ETMX
: Cleaner Type C
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If SF is removed,

though vibration isolation performance gets worse,

IKAG RA

RMS velocity and RMS angular fluctuation get better.
( We have to modify this SAS design to meet the bKAGRA requirements. )

i 5tk ¥ i

C_ ’ THE UNIVERSITY OF TOKYO

GWPO meeting on 28th January, 2016




< Intro : PR SAS in |KAGRA ( TypeBpp )
f -

PR TVIs are requ TypeBe L [[TveeBee ] Also,
1) diSp. < ldlsm/rtHz at 10 Hz meet Not meet RMS seismic
2) RMS velocity < 0.5 um/s ~ 5 um/sec ( with ctrl ) ~ 1 um/sec ( with ctrl) velocity can be

3) RMS angular fluct. < 1 urad |~ 1.4 urad ( with ctrl ) ~ 0.4 urad ( with ctrl) ~ 0.7 um/sec
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Recyclin
Mirrors

PR & 1V
LASER! ‘@

' Mode Isolato
i Cleaner

Now, we are constructing | iKAGRA PR SAS = TypeBpp)
with real mirror. (= TypeBp without SF)
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< Intro : PR SAS / Main topic of this talk

@ Frequency response investigation @ One modification idea
of the TypeBpp SAS for bKAGRA PR SAS

(, which we constructed in the tunnel ) "
ow do we meet

both ( displacement and RMS ) requirements?
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< Investigation of TypeBpp Frequency response

rMeasured DoF :
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< Investigation of TypeBpp Frequency response
LIM (OSEM) TF REF : LIM (OSEM) TF of 20 m SAS

N Transter Function Bode Plot from actLLIM to OSEM_LIM
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< Investigation of TypeBpp Frequency response
PIM (OSEM) TF REF : PIM (OSEM) TF of 20 m SAS

Transfer Function Bode Plot from actPIM to OSEM_PIM
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Resonance frequency is lower than T T
its prediction by around 1 Hz. %

mm) To be investigated.
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< Investigation of TypeBpp Frequency response
RIM (OSEM) TF REF : RIM (OSEM) TF of 20 m SAS

B Transter Function Bode Plot from actRIM to OSEM_RIM 103
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< Investigation of TypeBpp Frequency response
LTM (OSEM) TF REF : LTM (OSEM) TF of 20 m SAS

Transfer Function Bode Plot from actL'TM to OSEM_LTM
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< Investigation of TypeBpp Frequency response
PTM (OSEM) TF REF : PTM (OSEM) TF in 20 m SAS

q Transter Function Bode Plot from actPTM to OSEM_PTM
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< Investigation of TypeBpp Frequency response
REF : PTM (Oplev) TF of Type Bl

, Transfer Function Bode Plot from actPPTM to OpLev_PTM l Lol I
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< Investigation of TypeBpp Frequency response
YTM (OSEM) TF REF : LTM (OSEM) TF of 20 m SAS

Transfer Function Bode Plot from actYTM to OSEM_YTM

10° S S A T e e ||||||||| ||||||||| T I T r i
Lo - model :

*  measurement Mt S T Ya""lyr ]
10° ©
©
o -
E =
s M
=

107 -
1 IIIIIIIi 1 IIIIIIIi ] Illllllj L1 1 1111

180 I ||||||l! T T TTITT

Phase [deg]
o

-180 T R L
102 101 100 10! 102

Frequency [Hz]

GWPO meeting on 28th January, 2016

A
C_ ’ THE UNIVERSITY OF TOKYO | Bgtiona



< Investigation of TypeBpp Frequency response
YTM (Oplev) TF REF : YTM (Oplev) TF of Type Bl

| Transfer function |

Transfer Function Bode Plot from actYTM to OpLev_YTM
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< Investigation of TypeBpp Frequency response

Note : Transfer function ( measured in the chamber )

0 Resonance frequency shift :

O3 | 7| =2 CoM position of the IM.
g 1 — romer Fonction Fode Pt rom g | cha nged the hEIght rassier Panction s Fot roon 2et T o G TR
RoTM || | of the IM in the mode! NSV

lM clamp posntlon “4IM clamp posmon
-18 smm__ -17mm T
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< Investigation of TypeBpp Frequency response

Note : Transfer function ( measured in the chamber )

O Resonance frequency shift :
“| = we changed the wire diameter to thicker one (600 -> 650 um)
to increase the resonance frequency for robust control,
( after TypeB proto exp. )
However, the frequency
is still low, for some reason.

o ]




< Investigation of TypeBpp Frequency response

Transfer Function Bode Plot from actPIM to OSEM_PIM

* measurement
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< Investigation of TypeBpp Frequency response

Note : Transfer function ( measured in the chamber )

O Resonance frequency shift :
O 7= IM was suspended at higher position by 1.5 mm.

N - Though wire diameter was increased,
% the resonance frequency is still lower than
Pitch RM its prediction by 1 Hz. Not “4 wires”, but “3 wires“ ?
The wire separation in our model
seems to be wider than its actual system.
[ Small mechanical Q factor? = to be investigated, resonance by resonance.
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< Investigation of TypeBpp Frequency response

BF (LVDT) Spectra
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< Investigation of TypeBpp Frequency response

IM (OSEM) Spectra

Spectrum Plot
T T T T

Magnitude [um/rtHz] or [urad/rtHz]
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< Investigation of TypeBpp Frequency response

TM (OSEM) Spectra

Spectrum Plot
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< Investigation of TypeBpp Frequency response

| Power spectrum |
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< Investigation of TypeBpp Frequency response

| Power spectrum |

102

]

o

T 1 T
— F_DAMFED
==="PF_DAMFED RMS5

_________________________________________

10 eeeee| —— F_NODAMP
- - - - P_NODAMF RMS

Spectra h
of 20 m SAS o

10

=

Iﬂ_ | IIIIIIII I IIIIIH] IIIIIIIII

Magnitude
Rl i i

1 -11111r]-'-r-1-r1111r‘--r-1-r11rr Bl

1
S et Ity Al H N I I I S S S A | ‘I' I St S N S . ]+' B I I "I""["["l_l_lg
1071 1 10 102
Frequency (Hz)
— Spectrum Plot p—

da

L R . | ——PIM
s i @ | — — - PIM(rms) ||

N :::
N I

PIM (OSEM)
Spectra
of PR3 SAS

: s .0376Hz More) : ; :
: . . . Bo333Hz  meell . X ]
N . 5 %
Lo : : : 11 : : % :
i S é : | =1
i . . Dol I |
- o

Magnitude [urad/rtHz] or [urad]

10

Frequency [Hz]

C_ ’ THE UNIVERSITY OF TOKYO



< Investigation of TypeBpp Frequency response

| Power spectrum |
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< Investigation of TypeBpp Frequency response

| Power spectrum |

REF: VIM (OSEM) [ =
Spectra : F
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< Investigation of TypeBpp Frequency response

| Power spectrum |
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< Investigation of TypeBpp Frequency response

| Power spectrum |

REF : TM (OSEM)
Spectra
of 20 m SAS

PTM (OSEM)
Spectra
of PR3 SAS
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< Investigation of TypeBpp Frequency response

| Power spectrum |
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< Investigation of TypeBpp Frequency

PTM (OSEM)
Spectra of PR3 SAS
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Spectrum Plot
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Velocity of the Mirror

‘:’ anEStigation of TypeBpp Frequency ‘ " e e et T ]
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< Investigation of TypeBpp Frequency response

Note : Spectra ( measured in the chamber)

3 The difference in factor can be occurred due to rough calibration.
[ Mode Identification = To be completed.
[ Small Quality factors = To be investigated.

[1 DoF coupling -2 diagonalize actuator matrix

0
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< One modlflcatlon idea for bKAGRA / Requirement

s are requiree s [wesee I esse N Also,

1) disp. < 1615m/rtHz at 10 Hz  Notmeet meet RMS seismic
2) RMS velocity < 0.5 um/s ~ 1 um/sec ( with ctrl ) ~ 5 um/sec ( with ctrl) velocity can be
3) RMS angular fluct. <1 urad @ ~04urad (withctrl)  ~1.4urad (wetrl) ~ 0.7 um/sec

Mirror displacement with No Control Mirror displacement with No Control

Horizontal

Horizontal )
— — -Horizontal(rms) - HOI“I_ZOHM{I](FIHSJ
Vertical 1% Vertical 1%

Vertical 1%(rms)

Vertical 1%(rms) 1 PR requirement
- . i

— — PR requirement

Magnitude [m/rtHz]| or [m]
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< One modification idea for bKAGRA / TypeBp with IP

To attenuate the micro seismic noise =2 Add Inverted Pendulum ( IP )

300

i | 4" Wit ./l §- | Inprinciple,
e AN L L the IP, such as used in TypeB1,
,'\\\/\\\_ ey : N | X (its length is ~ 500 mm )

| g RGE-5o oo 0o will be able to be implemented.

e 4 [ =y N | | , GWPO meeting on 28th January, 2016
< THE UNIVERSITY OF TOKYO | National Astronomical -



< One modification idea for bKAGRA / TypeBp with IP

4 4 4

= - . : B J ‘ = o = ‘ = o . = v o - = -
[0 attenuate the micro seismic noise =2 Add Inverted Pendulum ( IP )

mm This time, | added “typeB1 IP” to typeBp.
Assuming :

1) add weight of 572 kg on the IP stage

2) Set IP at position of 560 mm from the CoM

(In TypeBl1-> 610 mm )

oo eg o moesJanuary, 2016

C_ ’ THE UNIVERSITY OF TOKYO



< One modification idea for bKAGRA / TypeBp with IP

» Add Inverted Pendulum ( IP )

Compensation mass
If SUS is used. .
( density = 7.8 g/cm )

GWPO meeting on 28th January, 2016

N
C_ ’ THE UNIVERSITY OF TOKYO[ 8gtional Astrongmical



< One modification idea for bKAGRA / TypeBp with IP

2 paramester :

1) Load on IP

2) Horizontal distance of leg from CoM

3) Leg length

4) L,T resonance frequency ( =2 depends on hottom flexure)
5) Q factor of bottom flexure

6) Saturation level

7) Additional torsion stiffness ( 2 depends on ¢ )
Needed preparation | Contnbutes to IP Yaw

1 If the TypeB1 IP will be implemented,
Load have to be added more ( ~ 500 kg ) to current TypeBp.
(3 Or, we should shrink the bottom flexure diameter.)

C ’ /) GWPO meeting on 28th January, 2016



< One modification idea for bKAGRA / TypeBp with IP

=IP + SF + BF + IR/IM + RM/TM Combarison

/___[ J )

Mirror displacement with No Control Total Mirror displacement with No Control
0 I 0 T
10 Horizontal 10 _ | —Bpp
— — Horizontal(rms) : Bpp(rms)

Vertical 1% : —Bp
Vertical 1%(rms) 10 Bp(rms)

— — PR requirement u ——Bp with IP

_ — — Bp with IP(rms)
'\ .| ==+PR requirement |

T — e

Magnitude [m/rtHz] or [m]

an
/
/
/
!
|
I
Magnitude [m/rtnz] or [m]
=)

ot Withoutetrl (Y oo Withoutetrl 'Y
1(;_1 Frequétéiy [Hz] 0 l(l)_l 160 161

Frequency [Hz]

B 5K FAINACY /KAGRA) GWPO meeting on 28th January, 2016
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< One modification idea for bKAGRA / TypeBp with IP

Cy

=|P +SF + BF + IR/IM + RM/TM

Damping Dc Damp Damping Damping
hy LVDT By LVDT by OSEMs by OSEMs
& Oplev

—

Magnitude [m/rtHz] or [ m/sec|

noise

: 1 1! | =——=With control total
© 1 |====No cpntrol
17T mem e PR requirement

L — ool
: e i G

GWPO meeting on 28th January, 2016
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< One modification idea for bKAGRA / TypeBp with IP

=|P +SF + BF + IR/IM + RM/TM

Damping Dc Damp Damping Damping
hy LVDT By LVDT by OSEMs by OSEMs
& Oplev

Lock aquisition phase: Damaping phase :
LF1, TF1, YF1, LF1, TF1, YF],
VF1, VF2, VF1, VF2,

RIM, PIM, YIM, LIM, TIM, VIM,

OplevPIM, OplevYIM RIM, PIM, YIM,
> Controls ON OplevPIM, OplevYIM

LTM, PTM, YTM
- Controls ON

GWPO meeting on 28th January, 2016




< One maodification |dea for bKAGRA / TypeBp with IP

Velocity of the Mir

1 —

107

10° &

; 10‘7 .. : ; : :

3
10 E!

107 E:

E i

10

10

Bp :5.3um/s

Bpp : 1.3 um/s ‘ This SAS seems to meet all the three PR SAS requirements. I

A
C_ ’ THE UNIVERSITY OF TOKYO



< One modification idea for bKAGRA

In addition,

1/e damping time < 1 min.

Damping performance in damping phase

Qualm tactor with controls ON and OFF

RRRE : 5 Q=10

F . . Contlol OFF
s [ : o = Control ON
E H SRR Q = 1000

ot - ——-1min

1/e damping time [sec]

Frequency [Hz]

T7¢ damping nme 1sec|

Qualm factor with controls ON and OFF

;' . :::g::: ::: Q= 1000

Contlol OFF
Control ON ]

e ———1 min.

10 10 10 10 10
Frequency [Hz]

1/e damping time [sec]

Qualm factor with controls ON and OFF

e - 3
...................
...........

. ”Contlo] OFF
«  Control ON ||

Q= 1000
Q=10

—— -1 min.

Frequency [Hz]

TypeBpp

5K A

THE UNIVERSITY OF TOKYO

Cy

NACJ | KACRA

National Astronomical
Observatory of Japan

TypeBp

TypeBp with IP
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< One modification idea for bKAGRA

In addition,

Damplng performance in damping phase

Qualm tactor with controls ON and OFF

10 g T H0.650Hz  More

Q=10

U EEEEREREEESS i - . ContlolOFF
B SRR : - = Control ON
E : SESERSEEEEEE ] Q= 1000

1/e damping time [sec]

0.098Hz  More

I7e dampin

Qualm factor with ¢

- Ro458Hz  wor

0.657HZ Mo

. OFF

Q=10

[~ 1 min.

Contlol OFF
Control ON ]
Q= 1000

0.457Hz = DO Do N S

1/e damping time [sec]

Qualm factor with controls ON and OFF

1/e damping time < 1 min.

® - s
...................
...........

0.657Hz  more| |§

Q= 1000
Q=10

— -1 min.

. ”Conno] OFF
«  Control ON ||

Frequency [Hz] y [Hz] Frequency [Hz]

TypeBpp V TypeBp with IP

5K A

THE UNIVERSITY OF TOKYO

NACJ | KACRA

National Astronomical
Observatory of Japan

GWPO meeting on 28th January, 2016
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< Summary

1 TypeBpp SAS frequency responses are investigated.
- Mostly, the responses follow their predictions.
( RM Pitch problem is still remains. )
- Quality factors should be investigated more in detail.

1 We have to modify the current TypeBp SAS.
-2 If the current TypeBp SAS has IP,
such as implemented to TypeB prototype at least,
it can meet the PR SAS requirements.

We should take IP back! (,if possible, | think. )

—E . A )} Buxws 4 R .
e 4 T?EU ﬁﬂ&Tﬁ A@J \KAGRA GWPO meeting on 28th January, 2016



Thank you for your attention.
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Back up
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< Investigation of TypeBpp Frequency response
| According to SUMCON, |

pitchIM — pitchR: dl M= 1 0 mm
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< Investigation of TypeBpp Frequency response

(e e n K
s e I In Simulink i
IM PR Y i l dim = 8 mm |
IUNING | drm = 10 mm |
> EIOQ/IJ/' ::1(4':(:(”“" : |I1 SUMCON 1
grM = 10 mm : dim = 7.3 :
d *2 1 dim : < nm :
i ] | drm = 8.8 mm |
1 1grm™*2
IM wire separation
RM contributes to
resonance frequency
of Roll IM, Roll RM.

% = j( 'd:& , GWPO meeting on 21th January, 2016
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Measurement

LTM Spectrum in iKAGRA with no control

R Control noise coupling during observation phase
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: oo : oo : D0 1D e With control total
S SRR . i i .i|====Nocontrol
107 L. o S S A . PR I ——Pchquiremen[ L
: P : S . SRS easured
D10 | m= == measured(rms)

,_.
QI

H
OI

=

,_.
OI

Magnitude [m/rtHz] or Imm
5

,_.
QI

107 R R i i
107 10 10" 10
Frequency [Hz]




Measurement

Magnitude

Magnitude

IM, TM (OSEM) Spectrum in iKAGRA with no control

Spectrum Plot
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< From http://gwdoc.icrr.u-tokyo.ac.jp/DocDB/0039/T1503908/002/TypeBpDesign.pdf

2 Seismic noise level at the Kamioka site
The seismic displacement and velocity we used is shown in Fig.2 and ??7[2]. This is the
one called high-noise model. The seismic displacement in Kamioka is below this level for
90 % of time.
107 ———— 107 —Tr—T T
90% displacement H F — 1 90% welocity |
RMS RMS ]
—_— ].l}"i — fy :
E A Y ‘E.. lu'é f'\_
to R
T s I / N
£ = 7 [
E10° E 107 IV atbha - \ :
= - E = - ¥ = R ;
C E — I e v,
E ll:I'JlEl I S o o 5 | Al B | 1 v Torpp 4-'-': L 1 L1 \.
E‘ - 11 § ]_U'E —— ‘."k.x_'"" = iz
2 10 e an ‘%Q_‘
N | :
lﬂ'n ” M M ” " H— " - IR ) lu'g " PR - P -D P )
10 10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)
Figure 1: The high-level seismic dis- Figure 2: The high-level seismic velocity
placement in Kamioka. in Kamioka.




< One modification proposal for bKAGRA / TypeBp with IP

|IP modeling parameter :
Load on IP M [kg]
Leg length L [m]

Resonant frequency @ » [rad/s]
Additional torsion stiffness kt

= For top flexure : kt = diop
L, T==For bottom flexure : Mc = ko = dbottom



< One modification idea for bKAGRA / TypeBp with IP

IP modeling parameter: [ [ T T Rt P e
] ; : : : 5 : ]

1849.9kg
~ at0.076 Hz |\

04 b :

Resonance frequency [Hz]

200 300 400 500 600 700 800 900
Load on 1IP
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< One modification idea for bKAGRA / TypeBp with IP

P modeling parameter :

TypeB TypeB TypeBp ?
proto proto

10.5mm = 9.7 mm =2 7.8 mm
Mc ~1000kg Mc~860kg Mc~ 280 kg
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