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LIGO Advanced LIGO optical configuration

» |LIGO:Power recycled FPMI
» Optical noise is limited by Standard
Quantum Limit (SQL)

= AdvLIGO:GW signal enhancement using
Detuned RSE
» Two dips by optical spring, optical
resonance
» Can overcome the SQL= QND
Fp cavity detector
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LIGO

Historical review of Advanced
Interferometer configuration

~1986 » ~1998 > GEO600
Signal Recycling Garching 30m
(Dual Recycling) [G.Heinzel]
[B.Meers]
— > Glassgow 10m
~1993 » ~2000 ) » ~2005 » ~2013
RSE Tabletop with new control Caltech 40m AdLIGO(DRSE)
eldea [J.Mizuno] * Caltech(RSE)[J.Mason] » Suspended mass LCGT(BRSE)
*Tabletop [G.Heinzel] * Florida(DR) * DRSE+PR AdVIRGO
* Australia(RSE)[D.Shaddock]
— > ~2002 >~2004
NAOJ 4m NAOJ 4m
Susp. mass Susp. mass
BRSE(No PR) DRSE(No PR)
[O.Miyakawa] [K.Somiya]
~2001

LIGO- G060231-00-R

QND study[Y.Chen, A. Buonanno]
*Optical spring
*Readout scheme
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LIGO Caltech 40 meter prototype interferometer

An interferometer as close as possible to
the Advanced LIGO optical configuration and control system

= Detuned Resonant
Sideband Extraction(DRSE)

» Power Recycling

» Suspended mass

= Digital controls system

= To verify optical spring
and optical resonance

»= To develop DC readout
scheme

» To extrapolate to AdLIGO
via simulation
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HGo Signal extraction scheme

Mach-Zehnder is installed to
eliminate

Only + f, is resonant on SRC.

Unbalanced sidebands of +/-f, due
to detuned SRC produce good error
signal for Central part.

Carrier (Resonant on arms)
1 SRM _ _
| « Single demodulation
~ o Arm information

f,

e Double demodulation

W - « Central part information

= Arm cavity signals are extracted from beat between carrier and f, or f,.

= Central part (Michelson, PRC, SRC) signals are extracted from beat
between f, and f,, not including arm cavity information.

LIGO- G060231-00-R
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Mach-Zehnder interferometer

LIGO to eliminate sidebands of sidebands

Series EOMs Mach-Zehnder interferometer
with sidebands of sidebands with no sidebands of sidebands
f f
- - PMC tra;zns _Locked by
J J ? == PZl /7 internal
EOM1 EOM2 Carrier &odulation Carrier
To MC
1, 4, | f,=33MHz f,=166MHz > 4| f iz
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Pre-Stabilized Laser(PSL)
and 13m Mode Cleaner(MC)

East Arm

ETMy

LIGO- GO60231-00-R

= 10W MOPA126
= Frequency Stabilization Servo (FSS)
» Pre-Mode Cleaner (PMC)

» |ntensity Stabilization Servo(ISS)

» 13m suspended-mass Mode Cleaner
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LIGO | 1GO-I type single suspension

= Each optic has five OSEMs (magnet and
coil assemblies), four on the back, one on
the S|de Suspension Block

Suspension Support
Structure

g Suspension Wire

Magnet/Standoft
| ssembly

Stiffener Bar /

- S
Head Holder re Stando
Scnslfl)r/ﬁctuator/
ca / g
Safety Stop Howsing
» The magnet occludes light |- - Magnet

from the LED, giving position

= Current through the coil ‘
creates a magnetic field,  f---------- Standoff
allowing mirror control M
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HGo The way to full RSE

Detuned dual 5 DOF lock with RSE
recycled Michelson offset in CARM
1 E™wy
]

— Carrier

33MHz
166MHz
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LIGO

Lock acquisition procedure
towards detuned RSE

166MHz

LIGO- G060231-00-R

Low High
gan gain

179\
PDs

e INES

PO DDM Trx Iégm
srmL—] PDs
SP DDM y 4 p 4 |

AP166

AP DDM

GWAWD-VESF meeting at Elba, May 2006 10



Lock acquisition procedure

LIGO towards detuned RSE

! 1/sqrt(TrY) Fabry Perot Cavity Sweep, "DC Iockiné" |

. g:’r\q 'a_?r? 120
DRMI + 2arms with offset ?I'rY\ N E

. . . . 100
using digitally normalized PDs
_1 + offset £60
\/Transmitted power I
Unbalance« EIEJ, -
1. Avoids coupling of carrier in PRC 166MHz

2. Lock with low bandwidth control
3. High cavity pole

i —————  Emur signal demedudated by 33uHz st Pox 1=
————— Tranamitiad Powar

33MHz 40:_ | - | o | :

4.54 4545 4.55 4.555 456 4,565 4.57 4.575 4.58(0
er
POX Time (s)
ITMX NS sl YOAWAF
\\ - N N er)
W RN
\
0P N h
NN S 1
T NES S L
T 015 < \\ <
é RN \
NS >
0.10 D — N
v N N
v D M
\ N h
0.05 N
4 4 N
N
0.00
-200 -100 0 100 200
AP DDM Freauencylir] Belongs to

next carrier
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Lock acquisition procedure

LIGO towards detuned RSE

1/sqri(TrY) Fabry Perot Cavity Sweep, "DC Iockiné" |
DRMI + 2arms with offset gain I | |
using digitally normalized AN i " |
g dig y PDs o
1
_ + offset gﬁﬂ
\/Transmitted power 4ok
(=2]
. . . . L =38.55m a2,1]
1. Avoids coupling of carrier in PRC  E{hesse=1235 -
2. Lock with low bandwidth control =
3. High cavity pole o T R S

4.54 4545 4.55 4.555 456 4.565 4.57 4.575 4.58

Time (s)

1/sqrt(TrX)
|m

TrX Low
PDs ¢

High
gain

L, =38.55m
Finesse=1235

AP DDM
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Lock acquisition procedure
Yeo towards detuned RSE

DARM optical response; CARM at ~150pm offset

Short DOFs -> DDM Lo . (L, g
CARM-> Normalized RF LY, ==
DARM->Normalized RF

L. =38.55m

Magnitude (dB)
£ £ o

CARM with offset  Finesse=1235
DARM with no offset

166MHz

f(Hz)

=S
’

| \/
33MHz '

SP33 sp166

— L =38.55m
PRM Finesse=1235
0 PO DDM

SP DDM

AP166LH

AP DDM
> AP166/(TrX+TrY)
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LIGO

Lock acquisition procedure

towards detuned RSE

Low [ High
gain =3 gain
TrY ¥ =L |
Reduce CARM offset PDs =
to Full RSE
Ly:38.55m .
Finesse=1235 | POX/TrX+POY/TrY

166MHz
=R
% W

|

33MHz

Gpr=14.5

oyt =

High
gain

L, =38.55m
_I?R%/ Finesse=1235

—— =170 Low

— PO DDM -FI;B(S gain
SP33 spi66 -?B'V('% y
SP DDM
INIT -
]
AP DDM
> AP166/(TrX+TrY)
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LIGO DARM Optical response
with fit to A.Buonanno & Y.Chen formula

40m DARM Optical Response

440 T T T 1T T T T T 1T T T T T 77
| | [ | | [ | | [

Optical spring and optical

resonance of detuned RSE

were measured and fitted to
ABYC formula.

I I I N
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o e — — — — b - — —— — = < — - LR
R ma et

B mag (arb units)

Radiation pressure:F =2 P /¢
Detuned Cavity -> dF/dx

Optical Spring stiffness ~107 N/m
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Description of data, fit: http://arxiv.org/abs/gr-qgc/0604078
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http://arxiv.org/abs/gr-qc/0604078

LIGO Mathematical description for
optical spring in detuned RSE

ABYC equation:relation using two photon mode among
input vacuum a , output field b, input power and gravitational wave h

(b1]:i|:e2iﬁ(c11 Clzj(aij_i_mreiﬂ(Dle:l
b2 M C21 C22 a2 D2 hSQL h 1 o—m

,,,,,,,,,,,,,,,,,,,,,,,,,,,

a :input vacuum hso :Standard quantum limit Advanced LIGO Strain Sensitivity -~~~
b :output field 4: transmissivity of SRM N T A R T
M2 C,,C,,-C.,.C,, &5: input power coupling =N\

h :gravitational wave §l: GW sideband phase shift

Strain sensitivity: ratiohand aon b _
hsoL \/(C11+C22)23ing+(C12 +C,,)* cos¢ ip €
hn (g) = - e =
N2k T D,sing+ D, cosg

/ HZ1IZ

Optical noise: ratio between a and b
b, _ J(C+Cyp)?sinc+(C, +Cyy)2 cosg .

i2p

e:ratiohandb

D,sing+D, COSg:|ew
hsoL M
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Simple picture of optical spring In

LIGO
detuned RSE

Let’'s move arm differentially, X arm longer, Y arm shorter from full RSE

., Correct SRM position oo VrONG SRM pOSItIOﬂ
T . BRSE 1800 £ )
" o _ 1600 |
< 1800 3 g 1400 £
E s | & 1200
g =
2 i B 1000
o 1300

800 ¢

1200 600 E

1100

b FYTRE—Y 0 0.02 . 400 E
200 | — . . DARM (Lx-Ly) e D9
° -0.04 -0.02 0 0.02 0.04 0 Bty A DU £ L
DARM (LX-Ly) -0.04 -0.02 0 0.02 0.04
Xarmn12: —— ) DARM (LX-Ly)
Xarmn12:
=  Power
X arm down, Y arm up Xarm down, Y arm down X arm up, Y arm down
= Radiation pressure
X arm down, Y arm up Xarm down, Y arm down X arm up, Y arm down
= Spring constant
Positive (optical spring)  N/A Negative (no optical spring)
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LIGO . .
Frequency sweep of optical spring

Optical spring and Optical resonance of RSE

Optical gain of Differential mode of Arms (dB)

40 ! T T T T T1] I [T T T T T1] ! T T T 1
B A A Transmitted light = 78 (Full lock) | ~1900W = | | i
B Transmitted light = 71 :
30 ——— Transmitted light = 44 ------------- ---------

Transmitted light = 34
i § ——— Transmitted light = 24
.} ——— Transmitted light =17

20

—— Transmitted light = 13
Transmitted light =11 ~270W

10

20 R AR R
10° 10°

Frequency (Hz)
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LIGO

CARM optical resonance
and Dynamic compensative filter

Open loop TF of CARM

Open loop TF
F ! | T ! T TTT T | T T mTTT | l | T -l-
~ O 3
[+1] - 4
= L 3
= C B
P 1] EE TR Ry :
o M
= B : : : G 7]
(= 20 o —————  CILSC-CARM_INT / C1LSC-CARM_INZ B g
g’ | ——  crisc-canm NKREF12) /C1LSC CARM IN2IREF12)
= B o C1LSC-CARM_IN1{REFE) / C1 LSC-CARM_IN2(REFE) .
30 ———— ocriscoamumimers) criscoan mamers)  fiD Gl A
F| ———  C1L5C-CARM_INI(REF4)/ C14SC-CARM IN2IREFS) ¥
| ————  C145CCARM_INHREF2)/ C1LSC.-CARM_INZIREF2) ] ¥
40+ ——  C1LSCCARM_INI(REFD)/ C1LSC-CARM IN2(REFD) : :
| | i F

*T0=12/08/2005 12:10:00.040039

10° 10°
Frequency (Hz)
Avg=4

Phase (deg)
8 o

IIIIIIIlIIKIlIIII |||r]|||||!||||

s
o
o

=150
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10° 10°
Frequency (Hz)

Optical gain of CARM

[ CARM cavity response |

120

Magnitude (dB c/m)
(=]
=]

*T0=12/08/2005 12:08:00.040039

C1LSC-LA_1_INI(REF11)/ C1 LSC-CARM_OUTIREF11)
— CILSC-LA_1_INIREFS)/ C1:LSC-CARM_OUT{REFS)
—————  CILSCLA_1_INIREF7)/ C1:LSC-CARM_OUT{REFT)

C1LSC-LA_1_IN1(REFS) | C1:LSC-CARM_DUTIREFS)
CIASCALA_1_IMIREFT) / C1:LSC-CARM_OUTIREF3}
C1LSC-CARM_OUTREF1)

CILSC-LA_1_INI[REF1)

Frequency (Hz)
Avg=4

Phase (deg)
(=]

-100

G
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Frequency (Hz)

* Optical gain (normalized
by transmitted power)
shows moving peaks
due to reducing CARM
offset.

4+ \We have a dynamic

compensative filter
having an exactly the
same shape as optical
gain except for upside
down.

» Open loop transfer
function has no phase
delay in all CARM
offset.
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CARM optical springs

LIGO

CARM optical springs at different CARM offsets

6
8

—*— Arm power
—*— Arm power

140

(gp) asuodsai [eondo NHVYD

*Solid lines are from TCST
*Stars are 40m data
Max Arm Power is ~80

f (Hz)
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HGo GW readout, Systems

® DC rather than RF for GW sensing t fringe
» Requires Output Mode-Cleaner to reject RF offset

» Offset ~ 1 picometer from dark fringe can tune from O
to 80 deg with 0-100 mW of fringe offset power A

t“
K
.
o
.
R
o
.
K
.
K
.
o
.
Pid N
P

Less sensitive Loss mismatch
since carrier -

is filtered Mode Miatchiws
Sensitivity identical for telescope

frequencies below ~100 Hz; both
driven by technical radiation

Noise Source RF readout DC readout

[

Laser frequency ~10x more
noise sensitive

La_ser amplitude pressure
noise
10-100x more _
- Carrier is
sensitive above filtered
100Hz
Laser pointing noise Sensitivity essentially the same
Oscillator phase -140 dBc/rtHz at NA
noise 100 Hz
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LIGO 5gqueezing Tests at the 40m

= Go from MIT group brought an audio frequency squeezer
to 40m, and injection of squeezed vacuum will be tested.

» SHG, OPO ready, homodyne detector being developed.

» Time to take steps toward injection to 40m interferometer

» DRSE configuration will be tested

» LIGO-like control systems for eventually porting squeezing technology
to long baseline ifos

AP Table Beam Spliter Chamber

Oufput Opiic Chamber Input Optc Chamber

g Y ARM
A‘.‘.'.':.'.'.'.'.'.'.‘.'.‘.'.'. i Ny '_I
i (=1 - H
e
i MG
FLj - X ARM
' m
SQzZ

Y
Ref
Cav MOPA

PSL Table
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LIGO .
Other ideas

= Low frequency-low frequency RF modulation
scheme (40m:33-55MHz, AdLIGO:27-45MHz)
Instead of LF-HF RF

= Alignment Sensing and Control (ASC) on detuned
RSE with LF-LF RF modulation

= ASC with lighter mirrors in order to investigate pitch
and yaw optical springs

= Variable band operation using SRC error signal
normalized by LF f2 power
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