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RE, (%ﬁ?ﬁﬁ%ﬁﬂ), %D%n(%ﬁﬁﬂ), #PHXLEIT (B IR,
on behalf of the KAGRA collaboration

ASJ Annual meeting on March 15th 2019, Yoshinori Fujii



A8 Eijj‘} BixiE KAGRA (CHBIT3
PRI E DD HIE R DFF
AE : XA iRADBIREED

BlE R DEFARIE.
FDINTA—NADFESD

ASJ Annual meeting on March 15th 2019, Yoshinori Fujii




Frequency (Hz)
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7("“573 Ei*”‘*iﬁ KAGRA

Toyama Bay

~ - _._z'- _'»"‘—’(

KAGRA in Kamloka Japan

B N [T E1=:
LIGO/Virgo - O3ADE

< cua ﬁﬂ Super Kamiokande .
& j’, : é N \
O . EanE
‘~ KAGRA T

\ - Y7475 —-D5Thk
(AGA Entrance - BBIRS AT LADFANI TSR T

\‘\, T B - 3kmItiREE0 I
Y - e JaEAth

(From JGW-G1909822)4 --‘?

ll\JN

Image 013 Dig (!
Feb14th, 2019 o szelsoeazz ge G Q()‘{Ik earth
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BRRNARE YARD ST

mirror

3km-a rm1

mirror

2) Fabry-Perot cavities
l 3) 3km-arm

mirror
t mirror

Light
source

diod

i -

Beam

c splitter
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1) Michelson-based interferometer

Mirror

(dummy)



WmEiRENH S

\

Seismic noise )

106
108
10-10
10-12 |
1014 |
10°16 |

-“],-'IE i
10-20 }

Displacement [m// Hz]

]
0.1 1 10 100 1000
Frequency [HZ]

-
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WmEiRENH S

\

Seismic noise )

(Tokyo)
i i / i i
10 / . {
ll"l_nl. ______ I I | i
E'_i "ﬁ:u Seismic noise
1010 |- o Ty W « _
E .| R (KAGRA site)
E 104 | 10'8 ! |
AR Tl IR I
© : ' sensitivit
7 107 o N y
O 102 o
1 I
0.1 1 10 100 1000
I e Frequency [HZ]

-
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Seismic attenuation

C I I I N\ | I I o I I I R Xl
X< ~ 1o!5 * |

irement

X
)
c
Y 16201 Single  m— Req S
Mirror Q 25 Triple — |  TNO
'S 30 5-stage s
X | 8w —ox i T
\Z Frequency [ Hz ] Y (dummy)

BS/SRs-suspension case
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Resonance damping

Bl S Zz/NE{4EBEDD
- Active control BEBN(RMS)ZHx 5.
4 )
s N
—— Servo
perd
) (V 7
L | > s =,|/v— -> 1
M- 0 [ = | |- .
kf ) Actuator - Sensor Z
L y Stable
interferometer
¢ eration operation

J
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A > iR A DPGiRE=IE

Type-A SAS
Type-B SAS

Type-Bp SAS

PRM PR2
[l

SE—
From IMC

- Upper 5 stages:
room-temperature

- Lower 4 stages:
cryogenic-temperature
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A > iR A DPGiRZ=IE

INVERTED PENDULUM
(~ 70 mHz)

(GEOMETRIC-ANTI SPRING
(~ 0.4 Hz)
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x4>ﬁﬁmwuﬁ;ﬁgﬁ |

FO In

INVERTED PENDULUM

with 3 horizontal
-- LVDT & actuator units
-- Inertial sensors

W GEOMETRIC-ANTI SPRING
| with 1 vertical
i|LVDT & actuator unit

A>J ANMNUAl meeung on IVIdlLII 1oL LUJ.:j Yoshinori FUJII




A1 VB RO IREE (AT DN —F DB DELREFE)

BotToM-FILTER DAMPER
with 3 horizontal & 3 vertical LVDT & actuator units
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A > iR A DPGiRE=IE

13.9 M

974 ARFY hDH

Outer shield (80 K)

Inner shield (8 K)

Heat inks

Heat-link

VIS \

JGW-P1809347

ASJ Annual meeting on March 15th 2019, Yoshinori Fujii



A > iR A DPGiRE=IE
o

_—7 Mirror

Blade Spring
Platform —

_\1\

MarioNette T

Moving Mass

Recoil Mass & __
MarioNette

%i\eat link

Intermediate —
Recoil Mass &

Intermediate
Mass

Mirror
Recoil Mass & —

N\

[ BEEY— ]

Reflective photo-sensor &
coil-magnet Actuator units

]

| sy |
JGW-P1808219

J
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CAIEADE 3y 9T
~Aug. 2018 OXADHANI THE T8, ’l‘r‘“l ’l‘r]
F(X-arm EE&EF(Dec. 2018)0ED + | | T
\ Y | I )
N o
9@ PRM PR? ,Jﬁ_ ,L
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With Z4it>89—, [ for damping ]

DC+Damp

IP —

V' ForL/ T/ Yaw

s N
ﬁ_L DC+Damp Vertical

BF- i ._|wv| For Yaw
damper "“—s = ——

N ForL/T

Damp Roll
(TMoplev) : A ForP/Y t?bZS,‘ﬁ‘;iL?a' pich Transversj

Damp
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[HZ] 10°

10!

< 0.2urad

N—
7

10°

/

1071

B R AN 1

[Hz] "

10!

10°

, [ residuals ]

10!

ERSEEE

-bereic b

10?

10°

107!

._ml.ﬂ [peJdn] Jo [ NIQL\UWLJ ] [pedn] Jo [ zHy/ped
e

N | -v
)

o
o
il

n

X-arm Locked. Thanks to Kamioka environment.



),

)

.

R

[ urad/rtHz ] or [urad] [ urad/rtHz ] or [urad]

—, [ residuals ]

EXRZ




Candidate (main) resonant modes? (Preliminary )

==X
- - damping at tower-part w - damping at payload m




Sensor blending & inertial damping (From JGW-61909932)

103

102

109

ll:l‘l'

1072

103_

1074

Blending
filter

fbr
B> Y
|

for
zZHtoy

R
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Sensor blending & inertial damping Next

5107 * -— damping

107 L.

el
i
=
|
o : ; i
E 1 - -
R ' W/ inertial
o] - z
| g
oy
o
©
3
2
(&)
3
=
s
3
o
[y
<T

------------------------------------------------

10° -

’ w/ inertial
e damping

107 b

Angular fluctuation [urad/rtHz] or [urad]

-----------------

10 : I j R : L j I
10 10! 10° 10! 102

Frequency [Hz]

(M) ERDHORITE., LIEUVBEIREILANIVEERE.




&

-- ZArto YAV, SOTIRYIESI T M- IVEERE B H.
-- FRE(Xarm)DOvJ(3pIh
12U,
> OTUENTUVRWVWE—REHD,
> WEIREIHNER(BXRIRFRE) L, IROENHNKEITETS, OvIAT],

-- Inertial damping at IP stage MOE%&EHERH
> EINBIEN(RMS)ZXHNIZ 20 EHD. OFRF .

O JL90%E / IV -TDEN etc.
[ feed-forward RV E#RENsubtraction
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Backup
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(From JGW-G1909942)

Progress in FY2018

* We have completed bKAGRA Phasel in

Ver very very simplified KAGRA_schedule May 2018. Afte_r t.hen, we conducted
oy b 8727 many things to join O3 as early as
| | | | | | pOSSIb|e.
High Power Laser, IMC, IMM Output Mode Cleaner, OMMT, OFI
Green Lock System
V-end BRT | I_I_x-rmmwnas.mna | vy | v v ® bKAG RA Phasel
‘r-fromW'.&I!.z:eolll‘lgtestsﬁl":1 . install EE' ] wAR NAB ° 3km Cryogenic Michelson
2 _ Interferometer
ITMX Type-A Tower install ITMY Type-A Tower |nstall ‘%p:f ” I Y Cryogenic
e | Rewte | [ * Installation ...Done!! \ mirrors
Y-end |Pcal install & Ty s e N [ [Q . N
| test | | reese :||;] * High power laser \ _J/
" ETMX Install |85 s lE] et : Greeﬂ_lock system - )
= s — Sapphire test masses
| Maas--remsnfs | X-end Peal 'I Aornd Poal takt ‘ i Ca I I b rat|0 n Syste m
2018| Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep Il Oct | Nov | Dec * All other OptICS

03end *Output optics

O3start 020/Mar * Optical baffles
2019| Jan | Feb | Mar Apr May  Jun @ Jul Aug  Sep Oct Nov D%C * Transmission beam monitor system
Canter, sy | DFMI COM. DRFPMI COM. DRFPI ASC/ || Post COM.

Yarm OR Laser power up Middle

com. FPMI | Post COM.
EP Baffle

ASC | Middle
Ml Baffle

Pumping

* Commissioning
 X-arm 3km Fabry-Perot cavity (done)
* DRMI (on going now)
: *Y-arm 3km Fabry-Perot cavity (start
°°°°° X soon)
* FPMI (start in March)
« DRFPMI (After FPMI)

ETMX
8 oul
Re-Install

X-end
WAE

We have done on schedule!
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LIGO-VIRGO Joint Run Planning Committee

Working schedule for O3
(Public document G1801056-v4, based on G1800889-v7)
2018 2019
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug >
ER13: from Bam PT Dec 14 ER14: up to four weeks, starting at the earliest March 1st, 2019
L to 6 am PT Dec 18 03 to follow
I H1 Commissioning l EHlS Commissioning ER14 03: one calendar year long
0 L1 Commissioning ER'S Commissioning ER14 03: one calendar year long
VIHGO Commissioning EFIlS Commissioning ER14 03: one calendar year long
~70% observing mode
GEO ng

_I\

Detector operational,commissioning mode Detector not producing data l;
(small fraction of observing mode time) (downtime)

— P KAGRADOS

during Engineering Runs (ERs), . | [Qbsewing Run, %Q)J[I H%Hﬂ (%}:El—'—l)
possible GW alerts with human vetting Open Public Alerts in low-latency) = 7,
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Type-A suspensions?

A will be
% iyt L installed in the
end of Jan.

LIRS
1000X—k)L

JGW-P1809382
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Requirements, Type-A suspensions

Calm-down phase

Item Requirement For/Determined by

1/e modal decay time < 1 min Quick recovery

BEMS displacement (L) < 50 pm Smooth transition to next phase
RMS displacement (T, V) < (.1 mm Miscentering

RMS angle (P, Y) < 5 pm Smooth transition to next phase

Lock acquisition phase

Item Requirement For/Determined by

RMS velocity (L) < 240 pm /s Awxaliary laser locking

RMS displacement (T, V) < (.1 mm Miscentering

EMS angle (P, Y) < 880 nrad Optical gain degradation < 5%

Observation phase

Item Requirement For/Determined by
Displacement noise (L) @ 10 Hz < 8 x 10~ m/Hz'/?  Sensitivity
Displacement noise (V) @ 10 Hz < 8 x 107" m/Hz"/? Sensitivity (1% coupling to L)

RMS displacement (T, V) < (.1 mm Miscentering
REMS angle (P, Y) = 200 nrad Beam spot fAuctuation < 1 mm
DC drift (P, Y) < 400 nrad /h Sustainable lock for 1 day left

(P, Y) are set as 50 pm and 50 prad, respectively [2%]. The RMS displacement for the other

translational DoFs (T, V) are required for another reason which is mentioned shortly later.
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Then, mechanical installation status

for O3-observation
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Mechanlcal mstallatlon has done' For aII 4 of them!

JGW-G1808307 §

(StlII mechanlcal ~wise repairing work remalns though )

e —
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Mechanical installation has done! @z (01378

ETMX & ETMY.

for ETMX - F2 GAS
for ETMY - F1 & F2 GAS

ITMX & ITMY:
for ITMX / ITMY - FO GAS

Blade replacemeht necessary
but time consuming (etc).

Mass tuning, necessary
but no accessibility.

1 G4 o
1 g = !
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Mechanical installation has done! HOWEVER ..

107
1077

107t
< 1071t

T
£ 1013
=

hd

Q
c 10°Y |

L

& 1010

o

S 10721 |
10-23 i
10-25 i

10r27

to a simulation, assuming 1% coupling,

According

<
P R » Coiedeiorid]

ST s for the O3-run’

~

acceptable

u10_15 | . Lo
-

------------------------------------------------------

houl
\(s ould be) /

Default

ITMX/ITMY case

ETMX case
ETMY case

Note:
-- Modeled w/o Heat-links

102 10T

BT LA Y ST -- params are not tuned.

Frequency [Hz]
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Vertical transfer functions (fitted)

ETMX

100

10'2 =

102

-~ p‘-\

- Fal )
NS e \ A
N N '\__.-"\\‘

10 H

BF-GAS(V) / BF-GAS(V)_act

-8
10
102

200

107" 109 101

102

100

U_

-100

-200

102

107" 100 101

102

-100 -

-150

-200

ITMX

~

-8
10
102

0

107"

-50

102
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Verification of suspension performance
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Measurement:

= - L ' |~
Mechanical suspension i~ an TEN
performance -

with X-arm cavity |

?‘% PR | wﬁé\oﬁ |
—_— i, PO =
\¢
PR3 BS ITMX ETMX
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Vlbratlon |solat|on ratlo, [ Good news! ]
e o ETMX | From ground to TM

e o |TMX
simulated

[ m/m ]
magnitude

phase [deg]

coherence

Frequency [Hz]
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VtolL coupllng, [ System IS not yet identified.. ]
— g 0 : oem 1 From BF-GAS to TM

e o [TMX é

‘= 107 irps TTTTY) I - V-
E %10_3 E=‘If_ll 5 e £ et N simulated i3 q—’i\/

VTM / BF- GAS(V) ¥ 0.5e-2 | =
10° 10! _

phase [deg]

herence

co
O ¢
M
!
&

Frequency [HZz]
Real was not so simple.. 2019, Yoshinori Fujii




Force transfer functions From (TM-RM)-act
' ' i to T™M

Z . I e E
H HE R b 3 3 -~ ",
TIRIIiII N ILICIICIIIIIIIIINICIIIINIICCLIIIIOITIIIIILIIIIECIIIIIIET®E 4 Pl ]
...................... - .
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------------------------ e T T e T E \,
Zisnirzzzez:s 3

- /
?} . e ETM -  Ssimulated J iT l

BEEEEE:
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_____

B U Bt

L O00000000
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=

T T [ [I— o R (. CoZIZ Lo N IZZIZIZICZZ]
1 1 1 1 1 1 I 1 1 1 1 1 1 I 1

magnitude
OO i b i

i

10° “10? 19’
T T = Sedoosssoenfor wec®ocTiTM8Ig00g03,\

....... L U | I e R e S I T

==
o u
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i
oo

I
U
o

~100 |-
~150 |-

phase [deg]

10° 10* 102

1.0F 7+ T mee T 0 ® 90000000800000606
Bt namen ST, o3k bbb i LLIL M3 S04
0.8 |- iimiteeees e LS L PO S e Rt P
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oof e e
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e e e N E e e e S P MN
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10 10° 102 &=

Frequency [HZz]
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Forc

@

transfer functions o (IM-IMR)-act

E """ e o ETMX to TM

le e [TMX

— simulated | .‘ ""*']—’i\/

{ '1E=|==F=FEEEEEEEE§EEE|EE

_____

L O00000000

HE
= R t= 1 = I = L T W o g FY Iy N

magnitude
OOH I I b i

e

==
o w
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7

*

s
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I
U
o
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e bl fe e
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0.2f i iidie et e See Sl ]
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Frequency [HZz]
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Force transfer functlons From (MN-MNR)-act
o e e My

W O00000000

HoE
HDLDD}*-JIJ\L.H-BLMI\JI—‘

magnitude
o |l el ] s e s s

==

=
Lo
o000

I
U
-

—100 |- #E4 it
~150 |- g4+ 8

phase [deqg]

1.0
0.8
0.6
0.4
0.2
0.0

coherence

Frequency [HZz]
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Note: Measurement of
mechanical suspension performance with X-arm cavity

Excitation point:

Excited stage name | Degree of freedom

Sensing point:
All the local sensors

™ 'F-) . for ETMX and ITMX
IM ]
v s
MN ] ;
BF GAS
(L) ;
Ip ] ;

(*1) Some resonances have to be identified, as shown in the above.
(*2) measurement files are stored under /users/VISsvn/ though, Not much organized well now..
please let me know if you want to have them ASAP.
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With displacement sensors, | residuals J@GEELRYEGE,
Seismic motion when the weather was normal/bad

(From page #16)

comparison: EXV SEIS X

joopo| === EXV SEIS X quiet, RMS: 0.012
EXV SEIS X noisy, RMS: 0.024

[ um/rtHz ] or [um]

10*

107
Frequency [Hz]

10°

um]
= = = 5
L ] = o

[ um/rtHz ] or [

=
o
IS

comparison: IXV SEIS X

FR— —r— H -
oo e | XV SEIS X guiet, RMS: 0.012

IXV SEIS X noisy, RMS: 0.026 ||

107!
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Frequency [Hz]

10°




Sensor blending & inertial damping

EWISITHN_IP_ACCIRF_HY1_IM1

10°

EUVISITHE IF_ACCINF HI N1

ETMISITHE_IP_ACCENF W1 MY

! TTTITY

10
[
°
-
=
&
2 1
=
107

e .Tix
10° 10" 1 10 10
Frequency (Hz)
TO=10/03/2019 05:28:16 Avg=10 BW=0.0117187

[ Power spectrum IT’nwer spectrum |
|_ T T T 11T T T T T 17T T T T 1177117 T T T 1117 = PSP JUU SO I FLIL S L OO S USROS OO O LIS BN
R
1 »
10"
Emz B
- N H
a10 ; = 10"
E RAVISITME IF DAMFP L I E
10* KINIGITMX IF_DAMF T 1
- -- Hl:\'IS-ITIIl-IP-MP-L-lhl-:ﬁEFk | ] v '5'1“*_
1'0 BANIEITHX 1P DAEMP T IHHREFT) KIWISITMX BF DAMF T IN1
KUVISITMX_IP_DAUP ¥ BHLRERY ,,i , L ,,,i , L 1”2 :_ KUWISITMX_IP_BLEND LVDTY_MN1_DQ s : "
10° 10" 1 10 10° 10 10" 1 10 10°
Frequency (Hz) Frequency (Hz)
‘TO=10/03/2019 05:28:16 *Avg=10 BW=0.0117187 T0=10/03/2019 05:28:16 Avg=10 BW=0.0117T187
[ Power spectrum 2 |[[Power spectrum |
L T T TI1raaT T T T IIIIIIII‘ T T IIIIIII T T IIIIIII T IIIIIIII T T T TrTT

Magnitude

EWISTEE_ TM_DFLEY TILT_FIT_OUT
E1VISITEX_ T _OFLEY TILT YAW OUT

| lILJIlI:I

10°

EANISITEA_TH_OFLEY_TILT_PIT_OLIT| MW
EiWISITHY TM OFLEY TILT YAW OUTIREE)

Ll

10

10" 1
Frequency (Hz)

10

T0=10/03/201% 05:28:16 Avg=10 BW=0.0117187

ASJ Annual meeting on March 15th 2019, Yoshinori Fu

j

on March 10th,
2019




Sensor blending & inertial damping

TMP / IPL| | TMY / IPL
A~ f;m-l
'\ /E 1:|I| I I ||||:|E TMY/ BFY—|—
i ol 5 10° 09 =
: 0.8 | |
) 5 107 i
- 0.7
) 0 g e e g 0.6
L 0.5
‘glc’n: 0.4F
/. leol 0.3
. 5 0.2
S R 0.1
g | U
\L %m _ 102 10" 1
"o Frequency (Hz)
102

Frequency [Hz]
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#1

#2

#3 #4 #5 #6 #7

0.019Hz me=| 005iHz me= 0.067 Hz 0.067 HZ  0077Hz el 0.099Hz  marel 0.12Hz  merel  0.122Hz  ser Type_A SAS
; . . . ; . 14

i

i

IP translational
modes

P g .8 iy \
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“TyrpeA180429 20K’

Eigen mode: 75 modes

[ ] Less interest now




#10  #11  #12  #13  #14

0.122Hz  ware| O-14BHZ  Mam|  gopsp-  Gonl 0.203Hz  men 0.28Hz  mer| 0.359Hz  more
0.363Hz  wore| 0.363Hz e

i I

[ ] Less interest now
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#17  #18  #19  #20 #23  #24

0.413Hz  marel 0 414Hz ol 0.44Hz mo| 0.44Hz o] 0483Hz mo| 0483Hz Mo (616Hz  weel  0.618Hz  wer

W T

- - . == - -
- 1 ’ \ | | [ ] Less interest now
, TR o . ST Firan:y
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#27  #28 #29  #30 (#31) (#32) -

0.694H=z Moz 0.6594H=z Moz 0.701Hz Marz 0.745Hz mon  (.746Hz Moz 0.787Hz Mare 0.799H= Monz 0.7959Hz

TrE T ey

[ ] Less interest now
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#33 #34 #35 #36 #37 #38 #39 #40

0.817Hz Mars 0.951H= more (.972Hz Mare 0.8974Hz More 1.061H=z Monz 1.061H=z Moz 1.171H= Maorz 1.185Hz Mo

- | am -n —n
| an | | 1 - [ ] Less interest now
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#41

1.321H=z Maorz

#42

1.321H=z Marz

#43

1.421H=z Maorz

T

#44

1.425Hz Moz

T

#45

1.635Hz Morz

T
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#46

1.638Hz M

T

#47

1.723H=z Moz

T

#48

2.125H=z Mar

T

[ ] Less interest now




#49 #50 #51 #52 #53 #54 #55  #56

2.125Hz  mare| 2.196Hz  mew| 2.516Hz  moe| 2.516Hz  Mem 5 oopmyn e TO0NZ M| oo GiHz e

i

e am| aa| e AL e L L [JlLessinterest now
T[T, T[T T Foiniy . T . .
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Detector noise

- Quantum noise
- Thermal noise

- Seismic noise

A\

mirror oscillation
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SO many noise sources..

In case of KAGRA
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Designing active control system / Control phase

1. Calm-down | 2. Lock-acquisition 3. Observation
phase phase phase

77777777777 7777777777777 7777777777777
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.
Suppress Reduce RMS velocity ‘I’(v?tehplg‘tl)vs::)czge

large disturbance RMS angle

control
(Root-Mean-Square)
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Designing active control system / ex. Type-Bp SAS

1. Calm-down phase 2. Lock-acquisition phase 3. Observation phase
Displacement Displacement Displacement
DC+Damp sensor (LVDT) DC+Damp sensor (LVDT) DC + Damp sensor (LVDT)

S

AV
DC

S

\

DC

DC = T

I~ Displacement
sensor (LVDT

—~ — 1 Displacement
sensor (LVDT)

Displacement
sensor (OSEM)

acement
r (OSEM)
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Optical
~ sensors

SENsors
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2. Decay time measurement

(Example)

L

r For damplng resonances

0.156Hz  Meel  0.43Hz Med  0.47Hz Mol  0.52Hz Mol  0.527Hz Mo  0.659Hz  Men
1 P P f - f -

0.66Hz  More 0.68Hz  More 0.844Hz  More 1.03Hz  More 1.036Hz  More

%%??%%‘

“L/e decay time

For the resonant modes

~\

1.099Hz  Mon

which disturb the lock acquisition.

J

- We have to measure the decay time constants
w/ and w/o damping controls,
In order to verify the damping control performance,
FOR ALL THE TYPE-A/B/Bp SUSPENSIONS.
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