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LCGT (Lafge—scale Cryogenic Gravitational-wave Telescope)

Next—generation GW detector in Japan

- Large-scale Detector.
Baseline length: 3km
High-power Interferometer

Mirror temperature: 20K
Underground site

Kamioka mine, =~
1000m underground
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Cryogenic interferometer




Observable range

~ Primary purpose of LCGT Detection of GW
—> First target ; Neutron-star binary |nsp|rals

E> Obs. Range 270MpC (SNR= 8, Optimal sky pos. an pol.)
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Input/Output Optics
- Beam Cleaning and stab.
- Modulator, Isolator .
- Fixed pre-maode cleaner
- Suspended mode cleaner

Length 26 m, Finesse 500

- Output MC
- Photo detector

Gain ~11

Laser Source |
- Wavelength 1064 nm | .
- Output power 180 W

Power-recycling
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Main Interferometer

- 3 km.arm cavities

- RSE with power recycling

- Cryogenic test masses
Sapphire, 20K
‘Type-A’ vibration isolator
Cryostat + Cryo-cooler

- Room-temp. Core optics
(BS, PRM, SEM, ..)

ETM

ITM

Power —400 kW

X-arm cavity
Length 3,000 m
Finesse 1,550 .

RSE: (Resonant
sideband Extraction)
Signal-band Gain ~15
Detuned RSE
(Variable tuning)

High-power MOPA
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Main interferometer
- Optical configur_atiqn
- Observation band-design

. - Length control
- Alignment control

- Lock acquisition
- Optics geometric design ,
- Research and Developments
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Interferometer Conflguratlon

RSE (Resonant-Sideband Extraction) :

Optical configuration to accumulate high Addition_él mirror at output port
laser power with tunable signal band E> (SEM: Signal Extraction Mirror)
(J.Mizuno 1993) '

Arm cavity converts the GW effect

¢ i =) " to phase change in laser beam

fest Mess - Signal o< Power and Storage time

A

% . . -
~3 ETM‘ High finesse is favorable

Z. Q\ . d !

Z % (Large bounce number in cavity)

ITM _
ITM: Input BS ?9‘ <>
f i€

Test Mass
. Limited signal band because of

SEM: Signa- signal cancelation‘in cavity
PRM: Power- e Extraction Mirror

Recycling Mirror

_ ® Protd Detector It is possible to design storage time
& and signal band independently.
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Resonant Sldeband Extractlon

RSE enables independent design of power and signal band
PRM and ITM : Power in the arm cavities '
SEM and ITM : Signal band for GW observation

|:> LCGT design : High finesse arm cavity
Moderate power-recycling and signal-band galns

L High T power in the arm cavities
¢ Test Mass ‘ Robust against optical losses
.8"2 : | ETM ~ in.central interferometer part. .
C%&O \: ' ) ‘ (Substrate loss, Contrast defect)
W
i mwtﬁ 8s L mwo‘ *  c+Low thermal abso_rption In substrate
Test Mass “ 0 -> Critical to cool ITM (Input Test Mass)
Laser ' | down to cryogenic temp_'erature. -
' ; ) ‘ SEM: Slgoal _ - ' :
‘Recyciing Hirror SRCMRRAZECUCT e, Tunable observation band
| ® ot Detector Detector'response (frequency band)
4] IS optimized for target GW signals.
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Observation band
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Design of optical parameters (observatlon band)
- Scientific outcomes:
Obs. range and parameter estimation for binary inspirals
Super novae, Pulsars, Stochastic background
- Technical feasibility _
Detector control, Noise behavior, Robustness
LCGT is designed to be VRSE-D

(Variable RSE config. with
detuned. operational point)

- Slightly better detection prob.

- Broad-band option

— fixed BRSE for wider scientific outcomes.
fixed DRSE \ . — k
V-RSE (B) - No critical difficulty in

[ vRSED the variable conflguratlon
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Figure: K.Somiya Frequency (HZ)
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Length control

rmmm:u:r ,ﬁm
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) Length DoF should be controlled

e Signal extraction

DARM CARM MICH PRCL SRCL

- Modulation to input beam = © - As_oc
Phase mod. : 16.875 MHz, 45 MHz sk
REFL_1Q

Optional mod. at 56.3 MHz - ' por_2

POP_1I

- Demodulation of PD output
Single demodulation

.Ed forward 274.8Mpc

) —raREFLEZ ]
e Control . : . VIROEZE e atAs D

' |+ 2tPOX |2

‘Loop noise’ should should be less than B - EOMC DD
1/10 of the LCGT sensitivity. ' e auann el
- Filter design (DARM UGF ~200Hz) £ 107"
- Feed forward gain of 100 |
- Use digital control system

- Dynamic range, U.C. noise - OK

‘ E> No critical problem is found so far Freaueney [+
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Alignment control

PP R e P o 1 PR 2 ot Bem 1 PR et PR i :

Suppress éngular fluctuation of core optics

*Sensors |
Wave-front sensing : Global control -- Reference : the optical axis
: (Folding PRC design for 20deg Gouy phase shift)
Optical lever : Local control -- Reference : local optical bench

« Alignment control

- No control at observation band
- Alignment control to suppress RMS,
mainly by Suspension resonances.
—> Damp at upper stages of suspension.
WEFS will be used only at DC.

IZ> No Critical problem in design

Angular optical sprirng instability is being analyzed.
Detailed modeling and design is underway
~ Suspension design, Actuator design, Tolerance for optics

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba) :



Lock AchIsmon
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‘Lock’ the interferometer from uncontrolled state

*Deterministic scheme . ¢
; - ETM
(1) Pre-lock the arm cavities at . 5
. 62 :  ETM
off-resonance by green laser pre-lock. Y Nv“" ‘\

. 2% 3

(2) Lock the central interferometer part. “¢ IT™ o
' IT™™

(3). Offset the operational point of /fBS ﬂ
the arm cavities to resonance.  Lasér ‘\
(4) Switch control signals to final ones. @ w P

Central
Photo Detector

3'd-harmonics demodulation or . I eroetsr A
Non-resonant sideband as a backup plan.

*Green laser pre-lock
- Green laser beam .
Freqg. doubled laser from 1064nm
Phase-locked to main beam.
- Two beams for x and y agms.
- Arm cavity has low finesse, and BS is
almost transparent for this wavelength.

rmmmmMmmmmmm
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Optlcs geometrlc deS|gn (1/2)

- Interferometer Iength design (Separation between core optics)

- Arm cavity : 3 km (LCGT concept)
- PRC, SEC length : 66 m (Resonant condition of RF S|debands)

- Asymmetry: 3.3 m (RF sideband reflectivity by Ml)

*Folded recycling cavity
- RF-sideband power loss in PRC
by thermal lens and mirror angular fluctuation.
- Gouy-phase shift for allgnment-signal separation
- Signal loss in SEC |
- The loss seems to be critical with straight.cavity .
In current estlm'atlon. Detailed investigation is required.
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Optlcs geometrlc deS|gn (2/2)

-Arm cavity g-factor and mirror tolerance -
Determined by RoC of the main mirrors
- Spatial mode stability for TEM,,, higher-mode rejection
--Beam spot size for low thermal noise
- Angular radiation pressure instability -
Possible problem in alignment control design. -
- Parametric instability _
Very sensitive to small ROC error.
Can be suppressed by additional damping mechanism.

E_> Under discussion
Positive g-factor : Flat — 7km
Negative g-factor : 1.6km — 1.9km

LCGT Program AdV|sory Board (June 2518 2011 Kashlwa Chlba)



Digital System

rmmmmm e L LI T R LA T RS L

* Provides a very flexible
human interface to the
Sensors Actuators complex DOFs of the

L] VIV interferometer.
iteni dewhitenin . .
W.“'f:'ﬂg P P J * Functions as sensing, control,
s - monitor, su'fntch
* Good solution to treat huge

LSC/ASC | numbers of signals
- A Control signal ‘

Monitor/Data acquisition
EPICS Frame Builder
. setting gain, filter switch ‘ ‘ Real time data

oo g

| repyp | 16kHz

4/4-?7 = _— 16kHz full data

EEEEEEEEEEEEESR Trend data

(@)
rmmeMmmmmMm
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Large-scale interferometer

/~ g
*TAMA300
- Fabry-Perot Mlchelson o,
interferometer with power recycllng
- Basellne Iength 300m

- Observation runs since 1999.
- World best sensitivity in 2000 — 2002.

Vi

L Operation and observation with
a large interferometer as a full system.

- Commissioning and noise hunting iy e
- Interferometer operation \
- Observatidn system

. | - TAMA-SAS installation and test

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



RSE demonstration

/'-4—m. prototype interferometer
- Prototype for RSE demonstration
- Built at NAOJ

- BRSE w/o PR (Miyakawa ~2002)
- .DRSE w/o PR (Somiya ~2004)
- BRSE+PR (Kawazoe ~2007) \

:40—m prototype interferometer
- Prototype for RSE demonstration
- Built at Caltech

- BRSE + PR (Miyakawa ~2005)

. E> Operation of RSE interferometer with power-recycling.

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



Cryogenics and underground site

/a ) g
‘ er+ B: COmsta! Per- A Acheved Pressure 1S
.( :L I O . S et | N - 100m Arm - R
. | 7 & 6x10°5 Pa

by a 800 litter TurbBis

- Locked Fabry-Perot interferometer | e o8 Fry

’ ! by Cryostat itself.. - — -
- Baseline length : 100m - e 7 s T
- Built at Kamioka underground site |58 i A S
- Cryogenic test mirrors. : .

- Observation runs since 2003.

Jl Inline- NM- Cryostat

‘_ Laser: NdYAG
¢ IU()lnm ’\\

> Operation of cryogenic interferometer .
* at underground site.

- Long-term stability
- Thermal’ noise investigation
- Digital.contrdl system test

LCGT Program AdV|sory Board (June 2518 2011 Kashlwa Chlba)




CLI10O digital system

LCGT will employ
LIGO’s digital system :
Full-scale test of the control

- system at CLIO, based on
‘MOU with LIGO laboratory

.

~ Real time PC L

Client System - 4core x 2 Xeonl| || | T =il
| Dataviewer V 7 ’ ‘ CentOS 52 e I éme kernél

D“‘S“Vé"i"*‘,“f’ Anti-aliasing an ntl |mag|ng f||te|1 ;

ADC, DAC, and B

.....

q
<
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c
~+
Q
..84
d
=+,
-’
-~
(9))
P

ADC/DAC In  *
Expansion ChasSis}
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Laser and 1/0 optics

- High-power laser source
- Input/output optics

- 100W laser prototype

- Stabilization experiment .
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Input/Output Optics
- Beam Cleaning and stab.
- Modulator, Isolator .
- Fixed pre-maode cleaner
- Suspended mode cleaner

Length 26 m, Finesse 500

- Output MC
- Photo detector

Input
Bench

Power -
~180 W

Laser
: Gain ~11
Laser Source

- Wavelength 1064 hm ’ .
- Output power 180 W

Power-recycling
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SEM

Main Interferometer

- 3 km.arm cavities

- RSE with power recycling

- Cryogenic test masses
Sapphire, 20K
‘Type-A’ vibration isolator
Cryostat + Cryo-cooler

- Room-temp. Core optics
(BS, PRM, SEM, ..)

ETM

ITM

Power —400 kW

X-arm cavity
Length 3,000 m
Finesse 1,550 .

RSE: (Resonant
sideband Extraction)
Signal-band Gain ~15
Detuned RSE
(Variable tuning)

- High-power MOPA

I e e T I T
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High-power laser

High-power and stable laser source

*Requirements d
- Wavelength : 1064nm
= Output Power 180 W
- Single mode, Linear polarization
- Line width < a few kHz

Frequency noise =~ < 100 Hz/Hz'/2 (100Hz)
Freq. Control band ~ 1 MHz _

Intensity noise =~ < 10-4 Hz'%/2 (100Hz)
Int. control band > 100 kHz

T
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LCGT Laser Source

-Adopt a MOPA configuration in LCGT

Solid-state laser modules

200W N
A

- Injection-lock is slightly complex, and
requires well-trained operators for N
best performance. i
- MOPA . is easy NPRO(500mI) @
~ for assembly and maintenance. L] @ -
3

High-power MOPA laser

- Easy assembly and maintenance

*Seed laser

NPRO (Nonplanar Ring OscHIators)

Power 500mW

*Fiber ampllfler

Commercial fiber amp.

NUFERN Single Freq. BM amp.
Output power —40W
Coherent addition with two units

*Solid-state laser module —

Side pump + diffusive reflector
Laser modlule by Mitsubishi

*Frequency stabilization
PZT of the master laser .
External wideband EOM
Stoichiometric LiNbO;,
e Intensity stabilization
Current shunt control

on power amplifier

80W

LCGT Program Adwsory Board (June 2518 2011 Kashlwa Chlba)



Power Amplifier

*Fiber amplifier
- Commercial amplifier platform
- 40 W output power
--Single frequency

- PM LMA (25/400) fiber.

| *Solid-state laser module

- Commercial amplifier by Mitsubishi.
- 50 W output power.
- Two lase rods and
rotator for polarization stability.
- Side pump + diffusive reflector

Two rods and rotator

LCGT Program Advisory Board (June 21 2011, Kashlwa Chlba)



Input/Output Optics

P

Input Optics between the laser source and the main interferometer
TEM,, power throughput >50 %
Frequency-stability < 3x10-8 Hz/Hz/2
Intensity stability < 2x10° Hz'1/2
RF intensity noise < 1x10° Hz'1/2 (>10MHz)
Beam jitter : &
RF modulation : 16.875 MHz 45 MHz (optional 56.25 MHz)

e :
*Mode Cleaner

Suspended triangle cavity
for spatial MC, reduction of beam jitter,
and freq. stabilization
Transmission of RF sidebands
for main interferometer.control
Round-trip length : 53.333 m

Finesse : ~500

FSR : 5.625 MHz

Mirror dimension : ¢$100mm, t30mm

ROC : - Flat (In,and Out)
- 40'm (End)

Beam radius : ~2.5mm at waist

rmmmmmmmmmmm
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Input/Output Optics

Isolator for backward light

Mode Cleaner

Pre Mode Cleaner

Intensity stabilization

PRM PR2 L

M
[

D

N

Mode matching
Alignment

Modulator

Beam shutter
Variable attenuator

/”

Reference Cavity

Mode cleaning

Phase lock

rm;mm;mm;mm;mm;;‘ﬂm;mm;mm;mm;mm;ﬁ‘mm
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Output Optics

Pickoff light Optical lever Optical lever

(Green iable 1

Wavefront sensor ‘

Green table 2 NMT2 {SRM-OMC}

>

r.:.::mam.a.::lmam.:.::mamm;mm;rﬂm;mm;mm;mm;mm;m@
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Prototype Test

*100-W injection-lock laser
- Output power >100 W

Continuous wave, Slngle frequency, Linear polarlzatlon
- Linewidth — 1kHz, M2 -~ 1.1

- Two amplifier module in bow-tie cavity.

E>Test_ of high-power laser and controllability

Innolight NPRO
Mephisto 2000NE

]
2
0
Q
-
3
o
-
3
0

‘ .Juan.z rotator
Nd:YAG rod (Side-pumped)
$=4mm, L=70mm

Slave Laser time [hour]

rmmmmmmmmmmm
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Frequency Stabilization

ot P 1 PR P B T o P P 1 L 2 s e 1 L Pt ek 3 L e

[P PATEA R o en 1 PR S P B i

-Frequency stabilization with 100-W laser .
- Fixed triangle cavity for frequency reference.
- Fed back to master laser and a wideband EOM.
- Unity Gain Freq. ~800kHz

| E>.Satisfy LCGT requirement

i |
N Pl |
3 L\M s T NRRR
M —_—
free ranning

To crystal temperature I Pound-Drever-Hall technique

To piezoelectric transducer

]

1/2

™
I
—
]
I
=
Q
4
Q
o
=
J
c
¥
=
o
7]
L
L

Wideband EOM
(Stoichiometric LiINbO;)

100-W injection-locked Nd:YAG laser

Frequency [Hz]

rmmmmmmmmmmm
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Intensity Stabilization
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* Intensity stabilization with a power amplifier
- Current shunt circuit on the power amplifier.

- Unity, Gain Freq. ~30kHz
- Amplifier
IZ> Check controllability Master

laser

free-run

_ Curre nt_ Current
source shunt

&
—
N
<
=
=
e

100
Frequency (Hz)

rmmmmmmmmmMmmmmmmmmmMm
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Schedule

r#m#mmm#m

2011 2012 2013 2014 2015 2016 2017

Cryogenic IFO | |

= T T —
iLCGT laser*preparation Installation bLCGT laser - . .
. and operation operation e — )
D O S =
MC operation ST D= ==
- O ®© c S
MC installaton—— ., —— 20 =% C =
— o
Room-temperature =[S & S & T
. issioni [ S - {0
IFO commissioning e 3 S

N N
7 7

iILCGT commissioning RSE implementation
—

v
,
v
L

Cryogeni'é full system

Cryostat + Cryo-payload installation and shakedown

Prototype test

rmmmmmmmmmmm
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Summary

LCGT main interferometer :
- RSE with power recycling, variable observation band.
- Inspiral range ~ 270Mpc is expected.
- Detailed design tasks underway.
- Heritages with TAMA300, CLIO, and prototype interferometers. |
Knowledge from other projects are very helpful!

sLaser and Input/Output optiCs
- Laser design based on commercial modules.
- Input/output optics comprised of many components,
but well-established techniques in GW communlty
- Require high-power handling.
- Detalled design tasks,underway.
- Prototype test with a 100-W injection- Iock laser.

LCGT Program AdV|sory Board (June 2518 2011 Kashlwa Chlba)
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SClentlflc Outcomes

BRSE VRSE-B VRSE-D DRSE

Scientific outcomes
MNeutron—star binary i 1.4Msolar neutron—star
Detection probability [%] | o996 99.4 99.9 999" |ear - opsicereoniwic)
: one-year observation
Observation time -
required for the first [Month] 5.1 & B3 4.0 34 With 90% probability
event detection .
 Observable range Mpc] 114 12 123 132  |SNR 8, sky average |
. (259) (255) (281) (299) |ISNR 8, maximum direction -
Detection rate [/yr] 5.4 52 6.9 82 One-year-observation
Parameter estimation O O O A |Factor of two difference
Error in arrival time [msec] 0.254 0.220 0.255 1.08 J200Mpc events
Fake reduction * O O O A : .
- Black—hole binary 10Msolar black—hole inspirals
Observable range’ - Mpc] 570 557 615 677 .
Event rate [/yr] 0.07-7
Black—-hole ringdown
Observable range [Gpe] 2.1 2.0 2.3 3.
Mass range [Msolar] | 110-910 115-760 100-490 100-450 |Events within 1 Gpec distance
Supernova
Observation possibility _ O O O A . '
Event rate [/yr] 0.01 - 0.05 Events in our Galaxy
Pulsar With one—year observation
Number of observable pulsars g 117 38 35 25 Reach spin—down upper limit
Crab upper limits 1e—27 8.5 85 83 59 60Hz
Vela upper limits 1le=27 6.9 6.0 9.3 1.0 22Hz
LM}{EI ,1e—2ﬁ 1.1 0. 95 1.1 14 EGGHZ
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RSE and cryogemcs

rmmm

RSE | |
High arm-cavity finesse F'ue' K Somiya
moderate Power recycling gain heat transfer

- Smaller optical loss and
~ absorption in ITM substrate |

coating ~0.5ppm absorption

II> high power and cryogenics

DRFPMI | PRFPMI |

1
DOF: 4

~<E— Power on BS

<@ Arm cavity Finesse

T T T T T T P T TS TR T T mmmmmﬁrmm
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Quantum and Classical noises

Tuning of obs. band

Quantum noise is dominant II>
DC readout

> Optimization of RSE cqnfiguration

N
L
T
—
-
=
P
‘0
c
Q
w

Figure: K.Somiya
r.:.::lmam.:.::mmm;mm;mm,amﬂ.::mmm;mm;mm;mmﬂ‘mm
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Tuning of observation band
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Tune the resonance condition II> Enhance IFO response,
of Signal-Extraction Cavity Reduce quantum noise
| at certain frequency band

Optimal reflectivity of
mirrors are different in
Broadband RSE (BRSE) and
Detuned RSE (DRSE) :
configurations

Variable RSE (VRSE)
Change tuning
without replacement of
mirrors or changing in
macroscopic position

Figure: K.Somiya

rmmmmmmmmmMmmmmmmmmmMm
LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



Readout—nmse reductlon

High-freq. (= 100 Hz) improvement'

Shot noise reduction by high power irl'arm cavities

: Optical corifig_uration

Fabry-Perot Michelson
interferometer with RSE

(Resonant-Sideband Extraction)

e
® [ » il
Slgnal -extraction
Power-recycling wirror

mirror

High-power laser source-
Nd:YAG laser source with "
=>180W output power

Solid-state laser modules

200W N
A

sow =

Fiber laser amplifiers

NPRO(500mW) @
[ 1 =

40W

Low-loss mirror _
Optical loss <100ppm (round-trip)
<45ppm in reflection

LCGT Program AdV|sory Board (June 208 2011 Kashlwa Chlba)




Developments (Optics)

' Laser module (Mitsubishi) 100W Inj.-locked Laser
High-power laser source
100-W injection-locked laser
-> Test high-power laser module
Freq. and Int. stabilization

I Sufficient stability

Interferometer + 1/0 optics

TAMA300 operation (PRFPMI)
NAOJ 4m, Caltech 40m experience
- RSE prototype test

E> Fundamentals are established’ |

4m RSE prototype at NAOJ = TAMA300

Mirror

Cryogenic mirror test
in CLIO (Low-noise cryogenic operatlon Contamlnatlon)
Sapphire substrate
* = Require measurements and developments

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



Thermal-noise reduction

Mid.-freq. (around 100 Hz) improvement

[ e Cryogenic mirror and

CryogeniCS suspension of CLIO Y

: | i 100-m interferometer 'S
Mirror ~20K

Suspension —16K

Sapphire mirror
- High mechanical Q-value

Low-vibration

. at low temperature Cryo-cooler design
: 2 .40 K Cold Head. . .Cryocooler
eBundles of AI _~ table fixed o
T wires the ground
Thermal X e ; @40K vibration __eValve unit
A reduction stag I~ on aframe
noise Q .

|f‘> Cryogenic is '
a straight-forward way
‘to reduce thermal noise.

rmmmmmmmmmmm
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Developments (Cryogenlcs)

CLI10O : 100-m cryogenic interferometer

Cryogenic system T

gris ==

Per 100m Arm Acheved Pressure BIiH
r\‘ )
Heritages by CLIK and CLI10O

Thermal design
Cryogenic IFO operation

Under.detailed design

Cryostat + Cryocooler Bl . o)
A7 : -, | 0 1064nm, 2W §
+ Radiation shield
,{} . : oz Prototype
. ; ' Location : room #34
Plannlng a fU”—Scale prototype ' Demonstration/investigation can be carried out

independently of the main body of LCGT.

test at Kamroka site

* Optimize the 20m shield duct.
« Cooling test. Evaluate heat loads.

) = + Suspension install test.
Vacu u m 1 I C ryostat Syste m ] » Include cryogenic and its interfaced subsystems.
: : = « Verify a consistency of the integrated system
- = = » Feasible design for real cryogenic system.
Radiation shield o
- - { Cryostat -
Low-vibration cryocooler Shiekd cuct 4600

> Cooling test, Installation test,
On-site development from 2013

T

mmmmmmmmmm
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-Low-freq. (< 100 Hz) improvement

" Quiet site -
Kamioka underground site
(=1000km underground)

Lower seismic disturbance
by 2-3 orders

—
<
o

TAMA site (Mitaka, Tokyo)

-—
o|
(-2

—
o|
(-]

Displacement [mIHzm]
S 3

N
Y

Y

o
T
1

1071 10° 10" ¢ 10? 10°
Frequency [Hz]

Better Isolation system

SAS: Multi-stage and Low-freq.
vibration isolation system

Designs are
i SAS:
Bemg updated three stages with

inverted pendulum

Outer shield of cryostat

Sapphire fiber
Heat links extend suspending mirror
to the inner shield ‘

heat anchor.




Developments (Selsmlc n0|se)

Underground site
Heritages by
CLIO (100m baselin€) -
20m prototype moved from NAOJ

Measurements at several po'ints
- = Sufficiently quiet with
>50m from ground level

Isolation system | - Saglestwith g
: : - 3m prototypegts

Heritages by
3m prototype FP test
TAMA-SAS

'::) Detailed deS|gn

Pre—comm|55|on|,ng test
plan at TAMA site

LCGT Program AdV|sory Board (June 2518 2011 Kashlwa Chlba)



Developments (Others)

[P R e e 1 PR e P i

Tunnel + Facility
Detailed design
-> Begin excavation April 2011
will be finished April 2013
‘Vacuum system L
Detailed design = DigTEalsyston. s
> Fabrication test of short tube ey
Fabrication, Storage, Installation plans

Tunnel layout
! Map of LCGT

Vacuum tube
W7

Digital system + Data processing

Real-time system development
based on MOU attachment with L1GO
Computing platform, network design

Analog electronics b
Design policy under discussion
Detalled designs

mmmmmmmmmm
LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)

Computing platform and Network
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Summary

LCGT : Project started

Costs have been partially funded
*Form global network with 2"d generation detectors

I$ Aim to detect GW, and to open new astronomy

*LCGT will demonstrate 3™ géne.ration detector
techniques: cryogenics and underground

Design and R&D

«Detailed design underway : internal and external reviews
*TAMA and CLIO experiences

TAMA : GW observatory, TAMA-SAS

CLIO .: Cryogenic interferometer, underground site
*Prototype developments : SAS, Digital system, Cryostat
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Detectlon probablllty
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Probability to detect I:> Success probability

at least one event of the LCGT project
INn one-year observation

-
o

90% probability
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0.4
sky average range of
0.2 BRSE
DRSE
VRSE(B)
— VHSE(D)
Assume : 0.0 7 10
. . s 9.x10 1.x10° 1.5x108 2.x108
Paisson .dIStI’IbutIOI’l detection range [pc] Figure: N.Kanda

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba) ;



Detailed Specifications
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I\/Ialn parameters

Detector parameters

Laser :
Nd:YAG laser (1064nm) - Sapphire substrate
Master Laser + Power Amplifier + mirror coating
Power : 180 W Diameter : 25cm
: Thickness : 15cm
Main Interferometer . Mass : 30 kg
Broad band RSE configuration Absorption Loss : 20ppm/cm
Baseline length : 3km Temperature : .
BeamRadius: = 3-5cm Q=108
Arm cavity Finesse : 1550 Loss of coating : 104 .
Power Recycling Gain : 11
Signal Band Gain: ~ 15
Stored Power : 771kW Suspension + heat link
Signal band : : 230Hz with 4 Sapphire fibers
: Suspension length : 30cm
Vacuum system Fiber diameter : 1.6mm
Beam duct diameter®: 80cm ‘Temperature : -
Pressure : 107 Pa Q of final suspension : 108
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I\/Ialn Interferometer (1/2)

LC(_B.T Main interferometer

e Sufficient sensitivity and stability to detect GWs :
Inspiral range >250Mpc (Optlmal direction and polarization, SNR>8)

Duty cycle

> 90%0

/-Optical design

*Arm cavity

Finesse :

ROC
g-factor :.
Beam size :

-

eCentral interferometer

- Dual-recycled Fabry-Perot-Michelson
R interferometer in RSE mode
Variable RSE between
Detuned and Broadband operation
Inspiral range :

27/5Mpc

Baseline length : 3000 m
Sapphire test masses
at cryogenic temperature of 20K

1546

ITM reflectivity : 99.6% .
Round-trip loss < 100ppm
Accumulated power:

~400kW/arm

Flat (ITM), 7knr (ETM)
g,=1,9,=0.572

3.43cm (ITM), 4.53cm (ETM)

Power recycling gain : —11
Signal band gain =15
PRM, SEM ROC : 300m

Folded cavities for stability
Length : 66.62m
ROC : -3.251m, 27.26m "
Gouy phase shift : 20deg.
MI Asymmetry : 3.33 m
RF sideband condition
f1 (PM 16.875 MHZz)
Resonant with PRC-SRC
f2 (PM 45 MHz) -
Resonant with PRC
Full reflectivity by MI part
f3 (AM 56.25MHZz)
Non-resonant to PRC
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I\/Ialn Interferometer (2/2)

*Length signal sensing and controk
Frontal modulation
for 5 length DoF for MIF control

: Signal port UGF
DARM ASDC 200 Hz
CARM REFL 11 10 kHz
MICH REFL 1Q 10 Hz
PRCL POP 21 50 Hz
SRCL POP 11 50 Hz
Feed forward gain : 100 .
Non-linear factor 10° m
PD dynamic range : 160dB

Variable RSE by SRC tuning :
Offset addition to control signal

*Alignment signal sensing and control
Wave front sensing and optical lever
Details : TBD

Lock acquisition
Pre-lock of arm cavities with
auxiliary green laser beams
Beam injection from ;
folding mirrors in PRC and SEC
Arm finesse to green beam : —~10

Third-harmonic demodulation
(Beat between 2*f1 and.fl)

Non-resonant sideband
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Tunnel

LCGT underground site

Ikenoyama mountain  >200m from the ground level:
Tunnel tilt:  1/300 for natural water drain
(Experimental rooms : leveled)

*Location 3
Latitude 36 deg N, Longitude 137 degE
Height 372 m above the sea level
Arm direction: X-arm 300 deg, Y-arm 30 deg (from North)
- height difference of 20m between X and Y end rooms
«3 access tunnels from the ground level
-2 water draih points ;
*Arm tunnels *: *Test mass area -
EXC&V&tIOﬂ by TBM 20m X 12 m room
(Tunnel Bowling I\/Iachlne) 2 layer structure
Tunnel Width 4m, Helght 3.8m 1st floor height 8m
-Experimental rooms 2" floor height 7m
Center and end rooms 5m bedrock between them
Excavation by NATM : 130m approach tunrlel for 2nd floor
(New Australian 'Tunneling Method)
Height : 4.2 m
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Vacuum

LCGT vacuum system
Vacuum pressure :

Scattered light suppression

< 1x107 Pa € lon pump lifetime- (5 years)
< 2x10 " Pa 6 Residual gas noise (safety margin 10)

-
*Beam tube for two 3km arms
Diameter : 0.8 m
Material : Stainless steel
Outgas rate : 1028 Pa*m/s

Inner surface : Electro polishing
Pre-baking and dry-air seal
_before installation
Flange Connection of
500 tubes with 12-m lerigth

*Optical baffle
500 optical baffles at every 12-m
inside the vacuum tube
Diamond-like Carbon (DLC) cpating
Helght 40 mm
+ (Saw-tooth edge, 45deg. tilted)

\-

*Chamber (14 chambers)

4 chambers with cryogenic system
Diameter 2.4 m
Type-A vibration isolation for test ‘mass
Aluminum-coated PET (polyethylene
terephtalate) for thermal insulation
7 chambers (BS, PRM, SEM, folding)
Diameter 1.5 m (2 m for BS)
Type-B vibration isolation
3 chambers (MC, PD)
Diameter 2m
Type-C vibration isolation - .

Pumping system
Every 100m along the tube
Pumping unit with '
dry-pump + TMP + ion-pump
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Cryogenlcs

Cryogenlc System for test-mass mirror

Temperature of test mass : 20K
Avoid excess vibration and mirror contamination

. A
*Test-mass suspensmn : ;
eLow-vibration cryocooler
Cool mirror by thermal conductlon
e it ) S e 7 Pulse-tube cryocooler
PP \oR S QAEREK s Cold head temperature : 4 K
Cooling power : 1 W ) 2y S
Vibration isolated cold head
4 sapphire fibers .
. _ Separated valve unit
Diameter : ¢1.6 mm : :
Flexible link to heat bath
Length : 300 mm - : :
e . : Rigid frame for supporting stage
Heat link : pure Aluminum (6N) wires : :
(Upper Mass — CM — Cryo-shield) ~ ~Soustic shield .
PP S YOp ) Compressor placed in a separated -
-Cryostat s room with acoustic shield
Vacuum chamber with
cryo-shield (radiation shield) *Shield duct
Access to inside from both sides . to avoid incoming residual gas
Mechanical resonance >30 Hz and thermal radiation b
Inner shield : 10 K, 2W Length : 20 m (TBD)
Outer shield :-80 K, 90W Diameter :  ¢500 mm, t 10 mm
Insulator: Loew-outgas MLI (or SlI) Baffle aperture: $250 mm
- Size : 1990 x 1220 x 15007 mm Temperature : 65 - 77 K
\ I_\/Iechanical resonance > 22 Hz Cryocooler . 50K, 150w | )
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V|brat|on lsol

atlon (1/2)

V|brat|on |solat|on system

*Reduce the seismic noise level below optical- readout noise at 10 Hz

Displacement noise < 4x10-20
Residual RMS fluctuation < 0.1um,

m/Hz1/2 at 10Hz,
< 0.1 um/s

a

*Type-A system for cryogenic test mass
Low-frequency, multi-stage '
vibration-isolation system
‘with cryogenic compatibility

Room-temperature isolator part
Pre-lIsolator

Inverted Pendulum (IP) and GASF

IP Length 50 cm

Resonant frequency : 30mHz

Sensor : 4 Geophones (L4-C), 4 LVDTs

Actuator : Magnet-coil

~ Stepping motor, Pico motor

GAS (Geometric Anti- Sprlng) filter

3-stage filters
suspended by a singlg wire

Resonant frequency : — 350 mHz

Yaw-mode damping onto the first stage

Cryogenic Payload
3-stage suspension (PF-1M-TM)
Test mass (TM)
Sapphire mirror, Temp: 20K
‘Weight : 30kg
Recoil mass (RM) for actuation
Intermediate mass (1M) N
Suspend TM with sapphire fibers:-
Damping from Magnet Box (MB)
Platform (PF)-
Suspended from room-temp.
part by a single wire with
low-thermal conduct|V|ty
Actuated from CB (Control box)
Heat link
Pure Aluminum wire

Link between
IM PF and PF Radlatlon shleld )
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Vlbratlon lsolatlon (2/2)

/-Type—B system for room-temp. optics

Low-frequency, multi-stage
vibration-isolation system

Used for BS, ‘PRM, SEM, Folding m|rrors
Based on TAMA-SAS

Pre-Isolator

Inverted Pendulum (IP) and GASF

IP Length : 50 cm
Resonant frequency : 30mHz
Sensor : 4 Geophones (L4-C), 4 LVDTs

- Actuator : Magnet-coil
Stepping motor, Pico motor

GAS (Geometric Anti-Spring) filter

Vertical filter
suspended by a single wire

Resonant frequency : — 350 mHz

Yaw-mode damping

Payload
3-stage suspensmn ‘(PF- IM -TM)

*+ Test-mass weight : 10kg

*Type-C system
Double pendulum on
Multi-layer stacks

Used for MC, PD

Based on original TAMA |solat|on
Suspended optics : 1kg
Multi-layer stack

Double pendulum
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High-power and stable laser source

Solid-state laser modules

Wavelength : 1064nm m\
Output Power 180 W

Single mode, Linear polarizatidn ' o
Line width | < a few kHz ribeTlaser AmPTEE oW
Frequency noise < 100 Hz/Hz/2 (100Hz) @

Freqg. Control band ~ 1 MHz NPRO(500mW)
Intensity noise < 104 Hz'Y/2 (100H2) [] =7

Int. control band > 100 kHz : @

High-power MOPA laser *Solid-state laser module : ™

- Easy assembly and maintenance Side pump + diffusive reflector
; Laser module by Mitsubishi
*Seed laser :

NPRO (Nonplanar Ring OsE:iIIators) *Frequency stabilization
Power 500mW PZT of the master laser

-Fiber amplifier ' External wideband EOM | .
- — : Stoichiometric LiNbO;,
Commercial fiber amp.
NUFERN Single Freq. BM amp.  *Intensity stabilization
Output power ~40W Current shunt control

Coherent addition with two units on power amplifier




Cryogenic test mass --- Sapphire
Temperature : 20 K
Absorption Loss < 20ppm/cm
Optical loss < 45ppm * -
Mechanical loss < 108

/, eSubstrate

Diameter : 25cm
Thickness : 15cm
Mass : 30 kg

ITM: c-axis, ETM: a-plane (TBD)
Heat Exchgnge Method (HEM)
by Crystal.Systems Inc.

«Polish \

ROC ITM: Flat, ETM: 7km *
ROC Error : 100m (Error A/40)

Scattering < 30ppm
*Coating :
Absorption < 0.5ppm ,

Mechanical Loss <*10+4

\ s

Room-temp. optics --- Fused Silica

+ Moderate reflectivity for green beamj

14 2 o s

1§ 2 oo s i
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Temperature : 290 K
Absorption Loss < 1ppm/cm
Homogeneity <210
~ *Main interferometer
(PRM, SEM, Folding Mirror)
. Diameter : 25cm -
Thickness : - 10cm
Mass: - - 10 kg
*also used for iLCGT test mass,
AGC or Heraeus (ITM)
LIGO TM substrates (other)
Beam splitter
Diameter : 38cm
Thickness : 12cm
Mass : 30 kg
* Input optics (MC, MMT)
Diameter : 10 cm
Thickness : 3 cm
e Mass : 0.5 kg

1§ 2 oo s LT




Input/Output Optlcs (1/3)
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Input Optics between the laser source and the main interferometer

Frequency stability < 3x10-8 Hz/Hz1/2

Intensity stability < 2x10° Hz1/2

RF intensity noise < 1x10%° Hz1/2 (>10MHz)

Beam jitter : —- :

RF modulation : 16.875 MHz 45 MHz (optional 56.25 MHz)
TEMyo power throughput  >50 %0 (?)

G ' : : T A
*Mode Cleaner | '
Suspended triangle cavity
for spatial MC, reduction of beam jitter, _____ [eerorseanemion
and freq. stabilization cies B
Transmission of RF sidebands
for main interferometer.control
Round-trip length : 53.333 m

Finesse : ~500
FSR : 5.625 MHz
Mirror dimension : ¢$100mm, t30mm
ROC : - Flat (In,and Out)
- 40'm (End)
Beam radius : ~2.5mm at waist
A\ 4

rmmmmmmmmmmm
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Input/Output Optlcs (2/3)

Input Optics

between the laser source and the main interferometer

" *Pre Mode Cleaner (PMC)
2 or 3 PMCs in series for

RF noise reduction and spatial MC
Monolithic 4-mirror bow-tie cavity

‘Roundtrip length : 1.95m
Finesse : 155
Cutoff freq. : 154 MHz

Length control :

PZT (<1kHz) and heat expansion
Spacer material :  Aluminum
Placed in air-enclosed case

*Reference cavity '

Low-frequency reference at DC - 10Hz

Linear cavity in vacuum,
supported by a vibration isolator

Length : ~J15cm"
Finesse : - 10° ) .
Cutoff freq. : 510] (V4
"Spacer material : ULE or Silica

Modulator
RF sidebands for MIF control
16.875 MHz (PM), 45 MHz (PM)
56.25 MHz (AM optional)
Mach-Zender IFO for 2 PMs
EOM : RTP or MgO-doped LINbO;
4x4 (or 5x5) mm? for PM
~ 2x2 mm?2 for ~1MHz control
4x4 mm?2 for >100kHz control
Crystal length : 20 — 40 mm*

e |solator .

Suspended Faraday isolator
between MC and MIF
TBD

*Mode-matching telescope ° |
Suspended folded telescope
between MC and MIF

Details :

Length : ~5.6 M’
Mirror size : ¢$100mm, t30mm
ROC

~20 6m 26 1 m
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Input/Output Optlcs (3/3)

Output Optlcs
between the maln interferometer
and analog electronics’

OMC throughput : TBD
Photo detection power : ~100mW

“ *Output Mode Cleaner
4-mirror bow-tie cavity for
beam cleaning at dark port

Round-trip length : 1.52 m (TBD)
Finesse : 1000 (TBD)
Cutoff freq. : * 98 kHz
Spacer material : - TBD

Actuator and control : TBD

*Qutput Telescope

*Photo Detection ;
Main PD in vacuum tank
DC/RF PD ; ! ‘

Wave Front Sensor
" Beam Shutter

*Green beam injection
for lock-acquisition of MIF
Phase-locked to the main beam
Injected to MIF from '
PRC and SEC folding mirror

*Optical lever for test masses
Details TBD -

eLaser room facility
for optical benches of.laser .
source and input optics
Clean room : Class TBD
Temp. control : +/- 1K
Acoustic shield
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Dlgltal System

LCGT dlgltal observatlon system
Data acquisition and control system
Observation bandwidth =5 kHz,
Control bandwidth
Observation system

> 200 Hz, Signal number -

->120dB
> 1024 channels

Dynamic range

Human interface , Observatory monitor, Detector diagnosis

(8

+ *Timing system

*Control system
Network of —~12 real-time systems
and client workstations

Sampling rate : 16,384 Hz
ADC resolutien : 16 bit
Input
ADC range : +/-15V
Signal number : 2048 ch
Output
DAC range : +/- 10V
Signal number : 512 ch
Binary Output : 2048 ch
DAC/DAC noise : <3 pV/Hz1/2
Delay ' < 100 psec

~

GPS-based timing distribution system
Ground-level GPS antenna

- Timing master in the center room
Real-time modules are

synchronized using 1 PPS signal’
Recorded with data as IRIG-B ermat
Timing accuracy : ???
Environment monitor
RT system or
EPICS-based system (TBD)

eData Storage
Recorded in frame format
300 TByte/year ;
(16kHz : 64ch, 2kHz : 512ch,
64Hz : 1024ch, 16 Hz : 1000Och)/
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Analog electronlcs

Analog eIeCtronlcs

/-DC power supply
Low-voltage power supply-
Bipolar : 24V
Distributed by D-Sub 3W3
24-to0-15 V series regulator
High-voltage power supply
Bias voltage for QPD : 180 V
Power supply for
Coil driver, PZT actuator,
LD driver, TEC driver

«Conditioning filter for digital system
Anti-aliasing and Whitening
- filter for ADCs
Anti-imaging and de-whitening '
filter for DACs

*High-speed controls
High-speed servo, Feedaround
Threshold detector for, digital*1/F

« Actuator drivers

*Photo detector
Quantum efficiency > 0.9
DC photo detector for MIF DC readout
Input power : 100 mW
PD diameter : ¢$3 mm
- RF photo detector
Input power : 100 mW
PD diameter : ¢3 mm :
Frequency : 16.875MHz, 45 MHz
RF-QPD for wave front sensors (WFS)
AF-QPD for beam position sensing-
Optical lever sensors 2
CCD imaging monitors
*RF system
Low-noise oscillator
synchronized to 10MHz standard
RF distributor
Modulator resonant driver
Demodulator
Noise level
Range

- 1nV/Hz1/2
- 100 mV

LCGT Program AdV|sory Board (June 21 2011 Kashlwa Chlba)




Data AnaIyS|s

Data analysis

*DAQ
Data acquisition, low-latency transfer
Data storage
Data characterization

*Analysis
Search for GW signals, and extract scientific outcomes
_Cooperate with other GW experiments

f \ e «Computing platform g
[Pata acatigitigrand-Sorage Main computing platform at Kashiwa
(oyseligite i Sosystems Computation povvér > a few TFlops
Raw-gata ratasd el vteA hour - Software libraries in cooperation
Data-spookstordaggs ' with world-wide netwaqrk
at Kamioka > 500 TByte Distribution of
. data subset to collaborators
Calibration and data characterization ,Network observation
Pre-processing for calibrated data : Low-latency data processing
Data and detector characterization for follow-up observations
Recorded in frame format GW observatories |
at the ICRR Kashiwa site Counterpart observations
Total storage : 30 PByte X-ray, Gamma-ray, Radio afterglow
- Neutrino | "
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Excavation methods
New Australian Tunneling Method (NATM).
® Three access tunnels.
® Center, Xend,Yend experiment room.
e Xarm tunnel of 600m.

®  Tunnel Bowling Machine (TBM).

e ) ) g e Almost all arm tunnels.
Wﬂ?{ﬁ!-ﬁ?‘ﬂfﬂlﬁﬂ

Al
- A‘1 368. Tm

®hLSVE

CLIO® o) 2 =/
O o
F s IR N2 600m(NATM part)

-

'_'_ —i -THL_' 4= E:]

7/ | T P43

n ]
village #

New Sakonishi entrance
_\l.\B‘i-Orn(_'é?Oinw‘- 40m+4410m)

Riew Atotsemensrance
9 470m
rmmmmMmmmmMm
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Tunnel

Mew Atotsu

Map of LCGT

Center parking

Center front room

Center experiment room A
Center experiment room B
Center experiment room C

X-front cryostat room

¥ -front V] room(2F)

Front machinery room
Frant V| preparation room (2F)
Y-front cryostat roam
Y-front VI room(2F)
Approach for frontV| room
Geg-phys X-front
Sakonishi front

Sakenishi frent parking
Geo-phys X-end

X-end cubicle room

Mew Sakonishi

X-end cryostat room

X-end ¥ room(2F)

¥.-end machinery room
X-end V] preparation reom (21F)
Approach for X-end VI room
X-end experiment room
#-end staff room

Geo-phys Y-front

Geo-phys Y-end

T-end cryostat room

Y-endWl recm(2F)

Y-end machinery room

Y-end V| preparation roam (2F)
Approach for Y-end V| room
Y-end experiment room
Cryogenic experiment room
Y-end staff room

Y-end parking

Xarm and Yarm cross perpendicularly
at the center of BS chamber.

3km:.

X: (25+2m)from BS - Center of X end cryostat room

¥:{25-2m) fram BS - Center of ¥ end cryostat room

[P R e s 1 PR e Fem i a.::uym T T e T T e T T T e P T T A T L A D I, a.::uym Fi
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Tunnel

X end (2layer)

Test mass tank

_/

)’II _ —

%U\\// i

| st floor

SAS tank + N
/ - - -. \ 5 . i service hole for

Ifl

/ : | excavation.
%u 7 \ : Compare with | layer (20x20xH15m)

Floor area : 400m? — 512m?
/ SO 2nd floor Volume : 5140m3 — 2860m?

approach tunnel (130m) Approach tunnel(130m) : 1860m?.

Vertical hole: about 2,500,000Yen.

rm;mm;mm;mm;mm;;‘ﬂm;mm;mm;mm;mm;ﬁ‘mm
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Vacuum system

expected pump-down scheme
to 1 Pa >> few days by dry-pump
to 10-¢ Pa >> 50 hours by TMP
to 107 Pa >> 500 hours by IP
(based on the ougassing rate in test tube)

pumping speed of the unit
100 m3h >> dry-pump
2000 L/s >> TMP

=< 1000 L/s >> IP

rm;mm;mm;mm;mm;;‘ﬂm;mm;mm;mm;mm;ﬁ‘mm
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Vacuum system
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110302 VAC (YS)
LCGT Vacuum System

** test product of the tube
*A4-m long tube was manufactured and a half of the inner surface was electro polished.

W | 1| ..ﬁi.

* A flange with a bellows (one convolution) was manufactured.
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Cryogenics
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B Rod support |

purity
Radius of U: 25cm «"
@ 1mm
number: 7

Gate valve

Shield duct $800 Ve ] o Shield duct $800 Gate valve

Low vibration ik = Low vibration
cryocooler unit ! - cryocooler unit

e T T Y o B T T T T T T Tl T T el T A P e T S R N e e iz
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Vibration Isolation
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Vibration Isolation

T e T T e T T T e T e T e T e T e T T e e e T T A e T T T e T e L e T e L L e T T el

B 1.2m diameter 5m tall borehole

containing standard filter chain

T e T T I A e TR W G .-I-HH-WAH, T T e T o T T e o T R T e T T e e e T s 4%*@‘.—&1"@&@
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Core Optics

ETMY

$10cm Mirrors for Main cavities
Initial: Silica
Final: Sapphire

MC1 MC3 MT1

mmmmmmmmmrﬂmmmmmmmmm#‘mm
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Input/OQutput Optics

Isolator for backward light

Mode Cleaner

Pre Mode Cleaner

Intensity stabilization

PRM PR2 L

M
[

D

N

Mode matching
Alignment

Modulator

Beam shutter
Variable attenuator

/”

Reference Cavity

Mode cleaning

Phase lock

rm;mm;mm;mm;mm;;‘ﬂm;mm;mm;mm;mm;ﬁ‘mm
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Output Optics

Pickoff light Optical lever Optical lever

(Green iable 1

Wavefront sensor ‘

Green table 2 NMT2 {SRM-OMC}

>

r.:.::mam.a.::lmam.:.::mamm;mm;rﬂm;mm;mm;mm;mm;m@
LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)




Freq. and Int. stabilization

« Intensity stabilization : *Frequency stabilization

Frequency

Reference cavity

rmmmmmmmmmmﬂmmmmmmmmmmﬁmm
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Digital System

rmmmmm T A T R T TS T TR

Real time system mounted in 19inch rack: PC, 10 chassis
(ADC/DAC/BO), timing, AA/AI
— Front room: length(1), WFS(1-2), auxiliary(1), network(1-2)
— Laser room: Laser(1)

— Main suspensions: ITMX(1-2), ITMY(1-2), ETMX(1-2), ETMY
(1-2)

Raw data storage at site for 1month long: 100TB
Data storage for iLCGT (analysis, commissioning): 500TB
Data storage for bLCGT: 1PB/year?, not funded

' Needs to make a channel list from all subgroups

"
=9 Q,

* Needs whole network design

* Needs network wiring diagram, rack position, rack
equipment list

rmmmmMmmmmMm
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Analog electronics

T e T T e T T T e T e T e T e T e T T e e e T T A e T T T e T e L e T e L L e T T el

Wideband
Rigid EOM
Master MOPA » MC / —

Actuator drivers

Mechanica
shutters

MICH DAEM

Digital system

rmmmmmmmmmMmmmmmmmmmMm
LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



Data Analysis

_—| client
pre-proces /
calibration » Main Server

IF digital server e
Main client
control data Storage (disk or tape)

underground Kamioka facility

Data Sharing

rmmmmmmmmmmmmm
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Organlzatlon

rmmmm

T.Nakamura

Mumerical
simulatian,
Perturvation

R&D
S Kawamura
{IZRR)

QND,
Newtoniarn
noige
cancellation

Theory

{Kyotoll)

LOGT Souncil
Directars of ICRR,
NAQJ, KEK and M=K
Fuyjimoto, K. Tsubono,

o]

Executive Committes

——————

Frogram Advisory Board

From LIGO, Virge,
GEO and others

Executive support

Y.Saito, T.Suzuki,

[ Nakatanai, KKuroda, & N.Kimura, R Takahashi,

M.Ohashi, N.Mio,
S.Kawamura, M.Ando

N.Kanda, 5.Miyoki,
T.Uchiyama, O Miyakawa

1
Geophysics
Interferometer

Araya
(UT, ERD
Development

of peophysics
mnterferometer

I I |

Data Analysis

Kanda
(ocu)y

Data
gathering,
analysis,
archiving and
distribution

| |
Tunnel Facility

Uchiyama Tatsumi
(ICRR) {NADJ)

Installation and
operation of
internet. powar
line, watar
drairage ared
Development.
of Tunnel A o
Environmret.
being a ligison
to the lbcal
commun ty,
cantrolling
safety snd
environmant

the facilities for

Vacuum

Y. Saito
(KEK)

Development
of vacuum
system;
drawing the
detailed
layout of
components
and optical

instrument

Vibrlatior:
Isolation
Takahashi
{NAOJ)

Cryogenics

T. Suzuki
(KEK)

Development
of vibration
isolation
system

Development
of cryogenics
systam

|
Mirror

Mio
(UT, AMS)

Detector
Configuration
Somiya
(WASEDA)

Fundamental

noise
analysis;

Davelopmant
of mirror
system

allocation

reguirement

[
Main

Interfermeter

Aso
(UT,Phys)
Development

of
interferometes
r sensing and
control
scheme;
design of
optical
configuration
of main
interferomets
r

Analog
Electronics

Moriwaki
(UT, AMS)

Digital System

Miyvakawa
(ICRR)

Development
of digital
zystem to be
introduced to
all subsystems
for controls,
monitors,
switehes and
diagnoses

Developmernt
of analog
electronic
circuits for the
subsystems

[nput/ Output Lasar

opbcs
Mio

Telada
(AIST)  (UT, AMS)

Development
of input
output optical
system

Development
of laser
SYSLem

rmmmmmmmmmmm
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LCGTtAd LIGO

LCGT (JPN)

1 detector (3km)

Long baseline

Better seismic
attenuation system

Undergroun_d site

Low-mechanical-loss
mirrors and suspensions
Cryogenic (20k)

High-power laser source
Low-loss optics

Variable RSE config. )

Scale

Seismic noise
reduction-

Thermal noise
reduction

Quantum noise
reduction

Advanced LIGO (USA)

3 detectors (4km)
(2 close, 1 separated)

Long baseline

Better seismic
attenuation system

Suburban site

Low-mechanical-loss «
mirrors and suspensions
Large beam size

High-power laser source
Low-loss optics |
Detuned RSE config.

LCGT Program AdV|sory Board (June 21 2011 Kashlwa Chlba)




Roadmap of GW detectors

Ground based detectors Space-borne detectors

YLl Low-frequency source
Improved sensitivities (10-1kHz) V\'EO 1rqnllj—|z _ylls_lzl; 2

LIGO TAMA CLIO:- Virgo/
&

Enhanced i DECloo
G =LIGO E = WE
201 - e LPH DPF
_ anced 1 %

gole

2015

2020 - ! ook - \/ Guaranteed sou|r=le\/
Detection Rate el £ 0.1mHz-10m

~10 event/yr

2025 | : .
Cosmological GWs
around 0.1Hz

LCGT Program AdV|sory Board (June 21 2011 Kashlwa Chlba)



Waveform

GW targets and data analysis

Signal duration

Short (bursts) Long (stationary)

‘Binary merger -
- Chirp wave,
Ringdown wave

- Known

Pulsar, LMXB
- Continuous

_ Unknown

Soft gamma-
St:allar corg - gre s Stochastic
collapse YelED background

- burst wave , - Random wave

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)




DPF senS|t|V|ty

DPF sensitivity A — 2x1015 Hz1/2
' (x10 of quantum noises)

|y |
f ~=—\/GM/R>
10_16 | | | :
— -18 :
Sieli0-1
—
E B p
—20
o 10 .
=1 18 ForegrounNg
o 10-22 i '
E v Backgrounmd GWs DEC I GO Al
+— from early universe
D 107t (Quu=1014) - LCGTH
—26 | : : Gravity—gr;aldient noise -
10 ~ | (Terrestrial detectors) -
I L* I I I I l
4 =2 0 X 4
10 10 10 10 10

Frequency [Hz]
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1/2
]

Displacement Noise [m/Hz

Dl —————— e —————————— el ]

Qise level

TAMA
noise level

Frequency [HZz]
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LCGT and DECIGO |

LCGT (—~2017) DECIGO (~2027)
Terrestrial Detector Space observatory
- High frequency events . - Low frequency sources

Target: GW detection Target: GW astronomy

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



Observation of the Universe

i

Y L
Cosmic-Ray [N
observation [

. Neutrino
High-energy CR g
- o observation

EM wave P .
Compact Inspiral

[ Supernovae
' Pulsar

observation

Gamma
X-ray
Visible ray
Infrared
Microwave

Background
GWs

Background:
NASA/WMAP Science Team -

LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)



Expanding the Horizon

Current GW detectors : <20Mpc obs. 'range

However... we can expect only rare events
(10-5-10-3 event/yr)

C> Next generation detectors

: . ' 1tin/i S —_ i
Better sensitivity _ Wider observation band *.
to cover more galaxies '

for various sources ; |

S
16 2D

GM/R?

DECIGO

L Background GWs u .
i from early universe :
10 24 (Wow=10-14) . . LCGT _

10—26 L Gravity-gradient nolse -
- 1 1 1 1 1 (Te{restrial (lietector;s)
: —4 —2 0 2 ' 4
. &w:gsw Beverly Berger 10 10 ¥ 10 10 10
Cluster Map by Richard Powel / \ B . Freq u en Cy [HZ]




T.Uchiyama
March 29, 2009 JPS Meeting

Acheved Pressure
100m Arm -
6xX10 ° Pa 4
by a 800 litter Turb B
Cryostat
*fi £ 2x10°6 Pa
- by Cryostat |t5elf

R I L aser: NdYA(; L .
a2t O 1064nm, 2W | h..,,%&

LCGT Program AdV|sory Board (June 21 2011 Kashlwa Chlba)



CLIO. senS|t|V|ty

rmmmm it PR o em o 1 LTS 8 it Pt 1 P R ot Pk o 11 DAL et ek i g L

.Sensitivity improvement with cryogenic operation

081 105_5 (All Mirrors 300K)
1003202 (Near mirrors: 18K & 17K)
— 300K

| 1
(_'[':..-“;_:; (I ”{’{l lﬂ (All \rllll:i. s il]”lﬂ
100320_2 (Near mirrors: 18K & 17K)
—_— 300K model
Cryvogenic model

1/2

Displacement [m/Hz

“)ﬂ'-lrnqlml1(‘yl ﬁ‘(l)ZI 200 220

T.Uchiyama
GWADW?2010

rmmmmMmmmmMm
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Interferometer setup

R

T A T R T TS T TR

LCGT baseline design
Arm length of 3km, Underground site of Kamioka
Cryogenic mirror and suspension '

-High-power RSE interferometer with cryogenic mirrors

Resonant-Sideband Extraction : _ "
. BN ETM2 :
Input carrier power : 75W l Rf=0.99995
. Perpen Sapphire
DC readout arm cavity -§  Temp.: 20K
! ITM2 e
Main IFO mirror = S G >\ Inline anm cavit)
\ ili Length: 3000
20K, 30kg (®250mm, t150mm) _';:Sme;:sg"f:k - TN 1550
Mech. Loss : 108 75W 2

] St .
Opt. Absorption 20ppm/cm e | I!Ml . .

Artn power ETM1
~200-400kW

Suspension , T SEM
Sapphire fiber 16K * || 1Fo output
-4 I\/Iech Loss : 2x10-8 .

mmmmmmmmmm
LCGT Program Advisory Board (June 21 2011, Kashiwa, Chiba)
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LCGT mterferometer

High-power RSE interferometer with cryogenic mirrors

Resonant-Sideband Extraction
Input carrier power : >85W

2
DC readout % T s S
PRC, SEC :Folded for stability Y-arm cavity 5= 1onbr soK
I ITM2
Main IFO mirror i, - Tempi20k  X-arm cavity
20K, 30kg (d>250n:3m, t150mm) el st B Length: 3000 m
Mech. Loss : 10- :
Opt. Absorption 20ppm/cm — =3 4 - oy
Pt. P PP o l/ ITML  ppnower  ETMI
= ~400kW
Suspension gl
l IFO output
Sapphire flber 15K

Mech. Loss : 2x10-7

LCGT Program AdV|sory Board (June 2518 2011 Kashlwa Chlba)



TAMA300 (1995~)
GW detector with a baseline of 300m

Sensitivity to cover our galaxy
(World best in 2000-2002)
Earlier observation runs
(Obs. data over 3000hours)

100m Arm -
6x10°° Pa 1
by a 800 litter Turbis

Cryogenic interferometer (Kamioka) | gl el 1% ;- o
with 100m baseline length

CL I O (2002~) : & _ rlv ‘4 ‘%i:_‘ i "..‘[A- :"‘zr.”rn_-w.rn;l Pressure [fMTTee

5
by Cryostat itself...

Stable operation taking
advantage of undergroupd site
Cryogenic operatiorf below 20K

i ”' Laser: NdYAG ' e
= Improved sensitivity " DS 064nm, 2w




RSE/S R7|:||~947'.itli

~1986 > ~1998 > GEO600
Signal Recycling Garching 30m .
(Dual Recycling) [G. Heinzel]
[B. Meers]
—> Glassgow 10m
~1993 » ~2000
RSE Tabletop with new control

Idea [J. Mizuno]
Tabletop [G. Heinzel]

Caltech (DRSE+PR) [J. Mason]
Florida (DR+PR)
_Australla (DRSE+PR) [D Shaddock]

— ry > —~2004 "
NAOJ 4m = NAOJ 4m
Susp. mass Susp. mass
BRSE (No PR) - DRSE (No PR)
[O. Miyakawa] [K. Somiya]

~200%
QND study [Y. Chen, A. Buonanno]
Opt.ical spring* .
Readout scheme

» ~2005 : » ~2013

Caltech 40m AdLIGO(DRSE)

Suspended mass o

DRSE+PR ;

~2007 —— ~2010 —— ~2013

NAOJ 4m TAMARSE LCGT(VRSE)

Susp..mass  (BRSE+PR+WFS)

BBRSE+PR

[F. Kawazoe] - o
Original fig. by

O.Miyakawa

LCGT Program Adwsory Board (June 2518 2011 Kashlwa Chlba)
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RSEBAICEST, REFHELNNOERERIETS
CEHEELLH, REICETEHNEEL. B,
*RSEDMRIFEZERIHICRKFITNTIVS. '
(*RSEIMERIE D= DIXHTTHY, BEIIRIDLL.)
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NAOJ 4m 7ab24147

RSERASED7=HICRIES N 1=,
WEIh/KIcLD7Oba 17 Fi5Et
~2002 BRSE w/o PR (EBIIS) FHEHEME, EEEE

~2004 DRSE w/o PR (RES) FHEME, SEBM (Two bumps)
-~2007 BRSE + PR JFHwS)  FTHEEE RlillESoHENRE

mmmmmmmmmm
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DRSE TS GBI (NAOJ 4m IFO)

rmmmmmmmmmmm

Optical Springditt SR 1 ERR

DRSE%E& (2004 SRES) Optical Spring
. = Detuned Peak
THETOENE .
Detuning® ¥R DOHEER ©

rmmmmmmmmmmm
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PR-RSE F#EHOBE (Caltech 40m IFO)
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40m DARM Optical Response
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