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ﬁ Optickle installation

Download
http://ilog.ligo-wa.caltech.edu:7285/advligo/ISC_Modeling Software
=L, WCD/ISRAT—F AL E

Recent version:

Optickle 080626.zip

H LI EEFRFDSVN
https://granite.phys.s.u-tokyo.ac.jp/svn/LCGT/trunk/isc/Optickle/
IDENRT—RIFHBEELET

o  FDOIZH loopnoise (FJI), looptickle (Stefan), pickle(Lisa)%k & Optickle TP %
Fof-a—rFENHS



m Demonstration

fRRELT=1& . MatlabZEEBIL . @Opticklez BLTAL V)T

>> path(pathdef)

>> addpath(genpath(pwd))

>>cd lib

>> ch_gr)noDetuneFP (FTEROTEITOY S L. detuned FP cavityDA T TA4hILT A LR
>

D EldreadmetxtiIZTENMNTNET
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m demoDetuneFP.m

% demoDetuneFP
gé) this function demonstrates the use of tickle with optFP
0

function demoDetuneFP

oS T E AT AT AL optFP.m” DFEEUHL

% get some drive indexes
nEX =getDrivelndex(opt, ‘EX)
nlX'= getDrlveIndex(opt 'IX)

% % et some probe indexes

REFL DC = getProbeNum(opt, 'REFL DC");
nREFL I = getProbeNum(opt, 'REFL [");
nREFL Q= getProbeNum(opt 'REFL Q)

nTRANSa DC = getProbeNum(opt, TRANSa DC)
nTRANSb DC = getProbeNum opt, TRANSb DC');

% compute the DC s1%nals and TFs on resonances
f = logspace(-1, 3, 20
[fDC, 51gDCO 31gACO mMecho, noiseACO] = tickle(opt, [], f);

% compute the same a little off resonance
pos = zeros(opt Ndrive, 1);
os(nEX) =0.1e-9;
F s1gDC1 s1gAC1 mMechl, noiseAC1] = tickle(opt, pos, f);

% and a lot off resonance
pos(nEX) = 1e-9;
[fDC, sigDC2, sigAC2, mMech2, noiseAC2] = tickle(opt, pos, f);

% make a response plot 7
h0 = getTF(sigACO, nREFL I, nEX);
hl = getTF(sig ACI nREFL T, nEX);
h2 = getTF 81gAC2 nREFL_I nEX);



OptFP.m : FHET/\NTA—FEKTET7AIL

% Create an Optickle Fabry-Perot
function opt = optFP

% RF component vector

Pin =d100; :
vMod = (-1:1)"; ——
fMod = 20¢6: RFDEEHE

vErf = fMod * vMod,;

% create model
opt = Optickle(vFrf);

% add a source
opt = addSource(opt, 'Laser’, sqrt(Pin) * (vMod == 0));

% add an AM modulator (for intensity control, andiintensity noise)
%  opt = addModulator(opt, name, CK/IOd)

opt = addModulator(opt, 'AM', 1);

opt = addLink(opt, 'Laser’, 'out', 'AM', 'in', 0);

% add an PM modulator (for frequency control and noise)

opt = addModulator(opt, 'PM', 1); Ny ooy g
opt = addLink(opt, 'AM’, 'out', 'PM, 'in', 0); ﬁ%%% DEF=

% add an RF modulator

% opt = addRFmodulator(opt, name, fMod, aMod)
gamma = 0.2;

opt = addRFmodulator(opt, 'Mod1', fMod, i * gamma);
opt = addLink(opt, 'PM', 'out’, 'Mod1', 'in', 1);

% add mirrors

% opt = addMirror(opt, name, aio, Chr, Thr, Lhr, Rar, Lmd, Nmd)
ICav =4000;

opt = addMirror(opt, '[X', 0, 0, 0.03);

opt = addMirror(opt, 'EX', 0, 0.7 / ICav, 0.001);

opt = addLink(opt, ' Mod1', 'out’, 'IX', 'bk’, 2);
opt =addLink(opt, 'IX', 'fi', 'EX', 'ft', ICav);
opt = addLink(opt, 'EX', 'ft', 'IX', 'ft', 1Cav);

% set some mechanieal.transferfunctions
w=2*pi*0.7; % pendulum resonance frequency
ml = 40; % mass of input mirror

utm
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ﬁ How to use help

Bz [£addMirror&ELNSaR U RS> -5

>> help addMirror
--- help for Optickle/addMirror ---

[opt, sn] = addMirror(opt, name, aio, Chr, Thr, Lhr, Rar, Lmd, Nmd)
Add a mirror to the model.

aio - angle of incidence (in degrees)

Chr - curvature of HR surface (Chr = 1 / radius of curvature)
Thr - power transmission of HR suface

Lhr - power loss on reflection from HR surface

Rar - power reflection of AR surface

Nmd - refractive index of medium (1.45 for fused silica, S102)
Lmd - power loss in medium (one pass)

see Mirror for more information



optFP.m

% add mirrors
% opt = addMirror(opt, name, aio, ChryThr, Lhr, Rar, Lmd, Nmd)
1Cav.=4000;

opt = addMirror(opt, 'IX', 0, 0, 0.03);

opt = addMirror(opt, 'EX', 0, 0.7 / ICav, 0.001);

opt = addLink(opt, 'Mod1', 'out’, 'IX', 'bk’, 2);
opt = addLink(opt, 'IX', "', 'EX', 'ft', ICav);
opt = addLink(opt, 'EX", 'fr', 'IX', 'f1', 1Cav);
% set some.mechanical transfer functions

w=2*pi *0.7; % pendulum resonance frequency
ml = 40; % mass of input mirror

mE = 40; % mass of end mirror

w_pit=2*pi *0.5; % pitch mode resonance frequency

rTM=0.17; % test-mass radius

tTM =0.2; % test-mass thickness

1ITM =3 *rTM"2 + tTM”2) / 12; % TM moment / mass
il =mE * 1TM; % moment of input mirror

iE =mE * iTM,; % moment of end mirror

dampRes =[0.01 + 11, 0.01 - 1i];

opt = setMechTF(opt, 'IX', zpk([], -w * dampRes, 1 / ml));
opt = setMechTF

opt = setMechTF(opt, 'IX', zpk([], -w_pit * dampRes, 1/ il), 2);
opt = setMechTF(opt, 'EX', zpk([], -w_pit * dampRes, 1.71E), 2);

% tell'Optickle to use this cavity basis
opt = setCavityBasis(opt, 'IX', 'EX");

% add REFL optics
opt = addSink(opt, 'REFL");
opt = addLink(opt, 'IX', 'bk', 'REFL', 'in', 2);

% add REFL probes (this call adds probes REFL_DC, I and Q)

phi =180 - 83.721;
opt = addReadout(opt, 'REFL', [fMod, phi]);

% add TRANS gptics (adds telescope, spliEteJrrand sinks)

o/ - 4+« — 131 - 1 "1V A VI D, . b Y

opt, 'EX', zpk([], -w * dampRes, 1 / mE));

SERTFOEHR

BHRODESR. B EEZARET HRED
na
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m optFP.m

opt = setMechTF(opt, 'IX', zpk([], -w_pit * dampRes, 1 /1il), 2);
opt = setMechTF(opt, 'EX', zpk([], -w_pit * dampRes, 1 /1E), 2);

% tell Optickle to use this cavity basis
opt = setCavityBasis(opt, '[X', 'EX");

% add REFL.eptics
opt = addSink(opt, 'REFL");
opt =addLink(opt, 'IX', 'bk', 'REFL', 'in', 2);

% add REFL probes (this call adds probes REFEL DC, I and Q)
phi =180 - 83.721;
opt = addReadout(opt, 'REFL', [fMod, phi]);

% add TRANS optics (adds telescope, splitter and sinks)

% opt = addReadoutTelescope(opt, name, f, df, ts, ds, da, db)

opt = addReadoutTelescope(opt, TRANS', 2, [2.2 0.19], ...
0.5,0.1,0.1,4.1);

opt = addLink(opt, 'EX', 'bk', " TRANS TELE',"in', 0.3);

% add TRANS probes
opt = addProbeln(opt, " TRANSa DC', "FTRANSa', 'in', 0, 0); % DC
opt = addProbeln(opt, " TRANSb _DC', "TRANSD', 'in', 0, 0); % DC

% add a source at the end, just for fun

opt = addSource(opt, 'FlashLight', (1e-3)*2 * (vMod == 1));
opt = addGouyPhase(opt, 'FrenchGuy', pi/ 4);

opt = addLink(opt, 'FlashLight', 'out', 'FrenchGuy", 'in’, 0.1);
opt = addLink(opt, 'FrenchGuy', 'out’, 'EX', 'bk’, 0.1);

opt = setGouyPhase(opt, 'FrenchGuy', pi/ 8);

% add unphysical intra-cavity probes
opt = addProbeln(opt, 'IX DC', 'IX', 'ft', 0, 0);
ont = addProbeln(ont. 'EX DC' 'EX' ' 0. 0):

Photo detector® & &
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‘opt’ structure

OptFPAMAI M MBAENEE, =2 T ILT

>> opt=optFP &A1,

====3 RF frequencies

1) -20 MHz with amplitude 0

2) DC with amplitude 10

3) 20 MHz with amplitude 0

==== 13 optics

1) Laser is a Source (in: none, out: out=1)

1BEDAFRF

2) AM is a Modulator (in: in=1, out: out=2)

3) PM is a Modulator (in: in=2, out: out=3)

4) Modl is a RFmodulator (in: in=3, out: out=4)

5) IX is a Mirror (in: fr=6 bk=4, out: fr=5 bk=7)

6) EX is a Mirror (in: fr=5 bk=13, out: fr=6 bk=11)

7) REFL is a Sink (in: in=7, out: none)

8) TRANS TELE is a Telescope (in: in=11, out: out=8)
9) TRANS SMIR is a Mirror (in: fr=_8, out: {fr=9 bk=10)
10) TRANSa is a Sink (in: in=9, out: none)

11) TRANSD is a Sink (in: in=10, out: none)

12) FlashLight is a Source (in: none, out: out=12)

13) FrenchGuy is a GouyPhase (in: in=12,
==== 7 drive points

out: out=13)

(1Y ° >
1) AM.drive drives AM (optic 2, drive index 1) 71@ 0)1: j-'_l_\ ’f/ I\
2) PM.drive drives PM (optic 3, drive index 1)
3) Mod1.amp drives Mod1 (optic 4, drive index 1)

4) Mod1.phase drives Mod1 (optic 4, drive
5) IX.pos drives IX (optic 5, drive index 1)

index 2)

6) EX.pos drives EX (optic 6, drive index 1)
7) TRANS SMIR.pos drives TRANS SMIR (optic 9, drive index 1)

==== 13 links

1) 0 meters from Laser->out to AM<-in
2) 0 meters from AM->out to PM<-in
3) 1 meters from PM->out to Mod1<-in

131@@')/7(:‘!'6%%?%5]0)_&)
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m ‘opt’ structure

Z D& TEf-optZaWorkspace TR THBDE
Ix1DOptickleEERTZEEIEN R MND,. £ZT
>> help optickle

Contents of Optickle:

BeamSplitter - is a type of Optic used in Optickle
GouyPhase - 1s a type of Optic used in Optickle
Mirror - is a type of Optic used in Optickle
Modulator - is a type of Optic used in Optickle
OpHG - Hermite-Guass Opterator

Optic - Optickle - Model
RFmodulator - 1s a type of Optic used in Optickle
Sink - s a type of Optic used in Optickle
Source - is a type of Optic used in Optickle
Telescope - is a type of Optic used in Optickle

Optickle is both a directory and a function.
Optickle Model

opt = Optickle(vFrf, lambda)
vFrf - RF frequency components
lambda - carrier wave length (default 1064 nm)

Class fields are:

optic - a cell array of optics

Noptic - number of optics

Ndrive - number of drives (inputs to optics)
link - an array of links

Nlink - number of links

probe - an array of probes

Nprobe - number of probes

lambda - carrier wave length

vFrf - RF frequency components

13



m ‘opt’ structure

B[,

>> opt.lambda

ans =
1.0640e-006

>> opt.link
ans =

13 BEDIY (ZRFRDOLGE)NHLHENITE
>> opt.probe 7B D Sete H 58

ans =
7x1 struct array with fields:
sn
name
nField
freq
phase

>> opt.probe(1).name & B DR ERD AR
ans =

REFL DC

FTEVIDEOND
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m demoDetuneFP.m

% demoDetuneFP
gé) this function demonstrates the use of tickle with optFP
0

function demoDetuneFP

% create the model
opt = optFP;

% get some drive indexes
nEX =getDrivelndex(opt, ‘EX)
nlX'= getDrlveIndex(opt 'IX)

% get some probe indexes N _ = - .
nREFL DC = getProbeNum(opt, 'REFL DC"); KFRF.TATIRTIERT B

nREFL I = getProbeNum(opt, 'REFL I' = ==

nREFL Q ggetProbeNurr(l(opt 'REFL. ())) HDESDER

nTRANSa DC = getProbeNum(opt, TRANSa DC)
nTRANSb DC = getProbeNum opt, TRANSb DC');

‘t’@ clompute t(hci, I%C2S6 nals and TFs on resonances
ogspace
[fDC, 51gDCO 31gACO mMech0, noiseACO0] = tickle(opt, [, 1); = =7 N: DV b ﬂ-l_m:‘ﬁ:% F
% compute the same a little off resonance o %Egt’":‘ Nk
pos = zeros(opt Ndrive, 1);

os(nEX) =0.1e-9;
F s1gDC1 s1gAC1 mMechl, noiseAC1] = tickle(opt, pos, f);

% and a lot off resonance
pos(nEX) = 1e-9;
[fDC, sigDC2, sigAC2, mMech2, noiseAC2] = tickle(opt, pos, f);

% make a response plot 15
h0 = getTF(sigACO, nREFL I, nEX);
hl = getTF(sig ACI nREFL T, nEX);
h2 = getTF 81gAC2 nREFL_I nEX);



>> help tickle
--- help for Optickle/tickle ---

Compute DC fields, and DC signals, and AC transfer functions

[fDC, sigDC, sigAC, mMech, noiseAC, noiseMech] = tickle(opt, pos, f)

opt - Optickle model
pos - optic positions (Ndrive x 1, or empty)
f - audio frequency vector (Naf x 1)

fDC - DC fields at this position (Nlink x Nrf)
where Nlink is the number of links, and Nrf
is the number of RF frequency components.
sigDC - DC signals for each probe (Nprobe x 1)
where Nprobe is the number of probes.
sigAC - transfer matrix (Nprobe x Ndrive x Naf),
where Ndrive is the total number of optic drive
inputs (e.g., 1 for a mirror, 2 for a RFmodulator).
Thus, sigAC is arranged such that sigAC(n, m, :)
is the TF from the drive m to probe n.
mMech - modified drive transfer functions (Ndrv x Ndrv x Naf)
noiseAC - quantum noise at each probe (Nprb x Naf)
noiseMech - quantum noise at each drive (Ndrv x Naf)

Example:
f = logspace(0, 3, 300);
opt = optFP;

s YR n Yo Y U e S YW o M Y T Y o
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tDC’

>> f = logspace(-1, 3, 200)';
[fDC, sigDCO, sigACO, mMechO, noiseACO] = tickle(opt, [], f);
EOTEARMIZBRERHEZR TH LD

fDC - DC fields at this position (Nlink x Nrf) where Nlink is the number of links, and Nrf
is the number of RF frequency components.

¥ Array Editor - fDC Nrf
o B & [ - tm b > H
1 I 2 l 3 4
Nlink 0+ 0i 10 + Oi 0+ 0
1.0668e-016 - 34561e-017i 10+0i -1.0668e-016 - 3.4561e-017i
8.338e-017 - 7.4989e-017i 10+0i  -8338e-017 - 7.4989e-017i
0.7398 + 0.6654i 9.9002 + 1.3388e-017i -0.7398 + 0.6654i
-00717 + 00807 1098736 + 1.4858e-016i 00717 + 0.0807i
01075 + 00097i  -109.8186 - 1.485e-016i -0.1075 + 0.0097i

09882 - D.1163i
0.0019 - 0.0028i
-00012 + 0.0021i
-0.0022 - 0.001i
-0.0019 + 0.0028i
0D+0i

0+ 0i

-9.2705 - 1.2536e-017i
3.4745 + 46984e-018i
-2.4568 - 3.3223e-018i
24568 + 3.3223e-018i
34745 + 46934e-018i
0+0i

0 +0i

-09882 - 0.1163i
-0.0019 - 0.0028i
00012 + 0.0021i
0.0022 - 0.001i
0.0019 + 0.0028i
0D+0i

0+ 0i

FEBERIVIZBITHL—F—DiRIE(/ N7 —TIHELY)
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sigDC - DC signals for each probe (Nprobe x 1) where Nprobe is the number of probes.

Nprobe

@ Array Editor - sigDCO
m S BE S - tEm 2Bh

1

|
2 0
3 0
4 6.0361
5 6.0361
6| 120601563
7| 120722285
8

9

10

-

[ 87.022g]

2

3

4

>> opt

==== 7 probes

1) REFL DC probes field 7 at DC

2) REFL I probes field 7 at 20 MHz, 96.279 degrees
3) REFL_Q probes field 7 at 20 MHz, 186.279 degrees
4) TRANSa DC probes field 9 at DC

5) TRANSb DC probes field 10 at DC

6) IX DC probes field 6 at DC

7) EX_DC probes field 5 at DC

ZIEBIELZPDICAG T HL—F—D /80—
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Array Editor - sigACO

lSigAC' W B S M- tm 2K BOBZO 2 x

sighCOE:1) =
1.0e+010 *
Columns 1 through 2

* SigAC - transfer matrix (Nprobe x Norive x Naf), || SEEes  sumersres s e

where Ndrive s the total number of optic drive | mistis) et it o)

|npUtS (e.g., 1 for a MIrror, 2 for d RFmOdUIatO r). 0.000000001207221 - 0.000000000001287i -0.000000000000000 - 0.000000000000000i

Thus, sigAC is arranged such that sigAC(n, m, :)is || 50o000¢ta42662 - 000000G0R2S o685 -00000000CCA00000 + 00CAD0O0CAD0000

the TF from the drive m to probe n.

Columng 3 through 4

0.000000000046545 + 0.000000000000762i 0.000000000000000 + 0.000000000000000i

O e > —_ —_— —_— 0.000000012035643 - 0.000000000060762i -0.000000000000000 + 0.000000000000000i

.T 7 T’f jJ ) l/l7: ’r > O) — t o ,5\1$ E"] (\ [i — 0.000000000090783 - 0.000000000000458: -0.000000000000000 : O.DDOUUDODUDUOUUD:
3 3 = 0 9 -0.000000000024264 + 0.0000000000000261 -0.000000000000000 - 0.000000000000000i
—C: (j: 7 ( *ﬁ II:I:II %ﬁ 0) ﬁ )X7 ( yl-_‘i 6 ’_l_\ /r ?/ I\ 0) ;!i& ) -0.000000000024264 + U.DDDDUDDEIUDDUDZS: -0.000000000000000 - D.UUDDUUDDDDUDDUU:

N = ~0000000048478685 + 0,000000000052087i 0.000000000000000 - 0,000000000000000}
{(2(;)“0 ( Jﬁ_ /}_-'X-' 75&) DE4LUY, 7% 0 15']\'?:;15 FD 0.000000048527213 + 0000000000051 732} ~002000080B030200 - 0.008080002000000
;in;ﬂl(-__’élj:éoﬁle )8 én[‘_@jﬁ%?}% Golumns 5 through 6
;E‘O k9 ‘VZO —C A D 7':\ —hISH ;C.]_ié{_ V= = 0,000000000004908 + 0.000000000000000; ~0.000000000000649 + 0,000000000000000
HAE T R Csi gAC ELVOUEDDZERZECIE X | 28s0137486454971 - 0003029277508807i 2864137460931842 - 0.003053288661866
. 0.021603816391004 - 0.000022851135730i 0.021603816224357 - 0.000023032248734i
HTHEL ~0.000000000002454 - 0,000000000000000i 0.000000000000324 - 0,000000000000000}
~0.000000000002454 + 0,000000000000000; 0.000000000000324 + 0,000000000000000

-0.000000000000775 - 0.000000000000016i -0.000000000005744 - 0.000000000000067
-0.000000000005682 + 0.0000000000001361 -0.000000000005096 - 0.000000000000119i

I~

Column 7

0
0
0

% IE E [j: DC p ro be 0) H% (j:I%—:/ 7“7_ } l/ -0.000000000300000 + 0.000000000000000i

0

D . RF probeDREIFITS—L T FILD 0
EZIZHEH(EALIEW/m)

sigACOE,:2) =
1.0e+010 *
Columng 1 through 2

0.000000017584516 - 0.000000000039683i 0.000000000000000 - 0.000000000000000i



LCLT

‘noiseAC’

noiseAC - quantum noise at each probe (Nprb x Naf)

& 7A—7J(PD) T LT=Quantum /A XRARG S Ls

CCTIFEARMIZIZ7(TR—T#)x200(BEH) D<)y I X

>> noiseACO
noiseACO =
1.0e-005 *

Columns 1 through 5

0.000572951608894
0.018712974487034
0.000424989677426
0.000150127610077
0.000150127610077
0.075666735429682
0.075704595373536

Columns 6 through 10

0.000572951608815
0.018945081558490
0.000425574349691
0.000150127610077
0.000150127610077
0.075666710130366
0.075704570061561

0.000572951608881
0.018750829515327
0.000425084596132
0.000150127610077
0.000150127610077
0.075666731260772
0.075704591202540

0.000572951608795
0.019006794561412
0.000425730879791
0.000150127610077
0.000150127610077
0.075666703507788
0.075704563435670

Columns 11 through 15

KIEBIZ/AXARGRM)L (BBLIEZW/rHz)

ZM./AX (noizeAC) &5

[Im/rHz) &% %

0.000572951608867
0.018792532589804
0.000425189360981
0.000150127610077
0.000150127610077
0.075666726687537
0.075704586627016

0.000572951608772
0.019074957188975
0.000425904293283
0.000150127610077
0.000150127610077
0.075666696242914
0.075704556167161

0.000572951608851
0.018838494268189
0.000425305063740
0.000150127610077
0.000150127610077
0.075666721670764
0.075704581607733

0.000572951608748
0.019150295452744
0.000426096602082
0.000150127610077
0.000150127610077
0.075666688273454
0.075704548193713

=5 (sigAC) TE|>T=H D HV K

18N 132

0.000572951608834
0.018889172997189
0.000425432932093
0.000150127610077
0.000150127610077
0.075666716167437
0.075704576101653

0.000572951608720
0.019233628273673
0.000426310099108
0.000150127610077
0.000150127610077
0.075666679531072
0.075704539446957

J& (signal to noise ratio., B {iI
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demoDetuneFP.m

[fDC, sigDC1, sigAC1, mMechl, noiseAC1] = tickle(opt, pos, f);

% and a lot off resonance
pos(nEX) = le-9;
[fDC, sigDC2, sigAC2, mMech2, noiseAC2] = tickle(opt, pos, f);

esponse plot
h0 = getTF(sigACO, nREFL_I, nEX); . - )
h1 = getTF(sigAC1, nREFL_I, nEX); EDRERBICEDTR) v X (signACO™1)

h2 = getTF(sigAC2, nREFL I, nEX); é E: E*JEO T ( n EX) E = —GE.T: 75\ ( nREF |__| )
figure(1) é*ﬁfﬁ L—C%{EEF%*!&%E-I-E
zplotlog(f, [hO, h1, h2])

title('PDH Response for Detuned Cavity', 'fontsize', 18);
legend('On resonance', '0.1 nm', 'l nm', 'Location','SouthEast');

% m:
n0 = noiseACO(nREFL 1, :)';
nl =noiseACI(nREFL 1, :)’;
n2 = noiseAC2(nREFL 1, :);

Quantum noiseZ it &

Signal to noise ratiost &

loglog(f, abs([n0 ./ hO, n1 ./ hl, n2 ./ h2])

title('Quan ctuned Cavity', 'fontsize', 18);
legend('On resonance', '0.1 nm', 'l nm");
grid on
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mag

phase [deq]

-200L
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PDH Response for Detuned Cavity

fsss) Onresonance
o ——— 0.1 nm
: 1 nm

A0 [ LT
150 k... :

22



m Signal to noise ratio

Quantum Noise Limit for Detuned Cavity
0.1 nm
1 nm




m Verifications 1

LCGT BRSETlossZEL, radiation pressure L

1. FINESSE
2. ThomasY—JL
3. Optickle RF(IH/N\—23Y) LCGT BRSE. noloss
4. Optickle DC(IE/{_:)E:/) 10_18: ---'---'-"-'-'"-'-'---""'“"'?:?:5':!:::::f:::5:'::,5:315:5:?:!::::?:::f::f:f:':':":.:::::f::'::'::f:f:ff:f:
5. Optickle RF(ER/\—3Y) S I ?L’i‘fﬂiﬁE I
7. IBsqHhfR | — Optickle old DC """
L -1~ Optickle new RF -
% LLER Optickle new DC | © '
theoretical R
=L F=LOK

m/rtHz

Hz



Verifications 2

LCGT BRSETlossB& Y, radiation pressure HY)

FINESSE Y LCGT BRSE, with loss, radlatlon Ppressure

Thomas J—Il o f FINESSE (RF)

Optickle DC(IH/X\—23Y) 107, ¥ iy OpticklenewDC 1
. S S i o B 2]~ Optickle new RF 3

Opt!CkIe RF(EE’/\\, {3{) I BT O theoretical shot

Optlckle DC(BN—=>3Y) 1070k e : theoretical radiation |

R R - .::f':: B g fff.fffé::;::_:. i

NP wN e

/rtHz

Optickle@Rf@radiation pressure & 44|
ElFsqrt(2) & /a0y, BN T '

107

Hz

Download:
http://gw.icrr.u—tokyo.ac jp/JGWwiki/LCGT/subgroup/ifo/ISC/Tools
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@ IZaTZILICENTULVGENC E

1. WikilZ EIFTEWN=T7/ILD
/BRSE loss rad/Optickle new/optLCGT.m

opt = setMechTF(opt, nX, zpk([], I * dampedRes, 2/ mD));  ,&HEFNTLB YU TILT7AILT
opt = setMechTF(opt, nEX, zpk([], wE * dampedRes, 2 / mE)); (X1IZt>TLNVA . DC readout Gl 2N

opt = setMechTF(opt, nlY, zpk([], wl * dampedRes, 2 / ml)); - * N
opt = setMechTF(opt, nEY, zpk([], wE * dampedRes, 2 / mE)); 'LI,ELL:<\ RF readout TIE2*sart(2)2M

2. ACTALIR)D
/BRSE loss rad/Optickle new/respDARM_ LCGT.m

[fDC, sigDCO0, sigAC0, mMechO0, noiseACO] = tickle(opt, [], f);

% make a response plot

hXI = getTF(sigACO0, nAS 11, nEX);
hYI = getTF(sigACO, nAS 11, nEY);
hXQ = getTF(sigACO0, nAS QI, nEX);
hYQ = getTF(sigACO0, nAS QI, nEY);

demph = (-90)*pi/180;
hDARMREF = (hXI - hYI)/2 * cos(demph) + (hXQ - hYQ)/2 * sin(demph);
NoiseZ| EQTES T 2EMEEST

% make a noise.plet POEWEELWMERICHELAL,
no @iseACO(nAs_n, A2 noiseACO(nAs_QL@); M [Z2-photon modeD & E—KR 48
29 %, 26




Verifications 3

AdLIGO, DRSET
1.'|::_|Eﬁ %7

2. Thomas'/— )L

3. Optickle(IB/N\—23" |

~/) with vacuum
from dark

——— Thomas {zeta=5.9deg)
——— Optickle with vacuum

107"

107"

107

1/rtHz

107




EAIGTEETTTEDDH?

Loopnoise/ \'w4r—=

http://gw.icrr.u-tokyo.ac.jp/JGWwiki/LCGT/subgroup/ifo/ISC/TaskList/CorelFOModel$ ) 20090831 loopnoise274 LCGT2009 new?2.zip
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EAIGCEFTTETHDH?

LCGTD & E H|

power [W] power [W]

power [W]

10°

E D DC response

CARM sweep: DC signals

107 5
-0.01

— REFLDC
—ASDC
— OMC DC
— POX DC
— POYDC
— TRXDC
TRY DC

i
-0.005 0

CARM sweep: RF component powers at REFL.in

|
0.005

0.015

10

10" H

I
—-45.1163
—-9.02326
—_— 0

— 9.02326

2

— 45.1163

10
-0.015 -0.01

0.015

I
— REFL 1

phase [deg]
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m DetuningM EF RO UIY B Z
WEH??T&SRC1§%75§%iﬁ2@%’EIE B {57 [ [degree]

BRSE VbBRSE VbDRSE VdBRSE VADRSE DRSE

90deg 90deg 97.7deg 90deg 102.8deg 105.5deg
90+/-10.1 O  90+/-158 O  90+/-162 O  90+/-17.3 O  90+/-17.2 90+/-18.2
- 90+/-10.1 O  90+/-15.8 O 113+/-18 90+/-17.3 O 113+/-18 O 114+/-18 O

« YIUYBZDHI: ‘Pkﬁémidﬂﬂll’éBRSEb\bDRSE«

x107° Is sweep: error signals x107° Is sweep: error signals
8 T T T T T T 5

—yay]
——— REFLbQM
4H —REFLbIP
-~ REFLbQP
——— DM (M+ IP)

power [W]
power [W]

2+

=3+

_8 I I I I I I I I _a I I I I I I I i I
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 200
phase [deg] phase [deg]

s A E(ZDOWTIEHIEH D E A B (XEBELESZES

JGW-G0900042 2009/8/20LCGTFis stz s AlER = =)l & 30




ﬁ EABCEETTEDNDH?

REESODARAO—TD
Demoudlation phasef&k £ %

0.5

0.4

0.3

0.2

Signal in 0.1Hz

-03r

0.4

MICH signals (slope and DC) at POX Q2

-0.5

T
L+[1e7W/m]

= L-[1e7W/m]

l+[1e7W/m] ]
H[1e7W/m]
Is[1e7W/m] L

——— DC[1e-2W]

i i I
-50 0 50 100

Demodulation Phase [deg]




m EABCEETTEDLDH?

IREIEB D ARO—TDDemoudlation phasef&k fE14&

DOUbIe demodlatlon/ \_/3/ SRC signals at REFL DDM on 0.1 Hz

150 ke, R S R0p S I+ [e-7 Wimi
Is [1e-7 W/m]
1001 - /. L
o
[0}
k=
= 50
+
N
ks
[0}
73]
g 0
[a
c
S
s
3 -50
o]
S
[0
(]

-180 ¢

\ | . i
-50 50 100 150
Demodulation Phase of f2-f1 [deg]



Quantum noise limited sensitivity({5l: VADRSE)

Optical gain for cross term

~ e L+ to REFL I2
Optcal galr —— L 10ASDC
10 "\ I+ to POX 12
/ / \ ——I-toOMC DDM ]
/ NG \ — 1
,/ \( Is to REFLb DDM
10° L./ ? N
l’ p 4 NS
/ /. NG e
£ 40 / ™~ N
; y 4
o~
/ TN
10 /: o
/
10 ./
‘104 !
0 1 2 3 4
10 10 10 10 10
Frequency [Hz]
8 Noise from vacuum at all ports
10 :
= REFL I2
e
N T = AS DC
\ VaCul ——POX I2 |
\ == OMC DDM
10° \ \ —— REFLb DDM ||
\ B
A
\
£ 107°
:
\\
/
1™ \ / i,
107 '
0 1 2 3 4
10 10 10 10 10

Frequency [Hz]

[mitHz]

1/ Signal to Noise

14_‘
15
16::
17::
18::
19::
L+ atREFL 12
ol —| - atAS DC
L [+ atPOX I2 E
=1|-atOMC DDM |
o — | ——Is atREFLb DDM |
OII |1 II |2||H“”|3 IIIHIH4
10 10 10 10 10
Frequency [Hz]
ERIZIZZDISIZEARBICENH D

JGW-G0900042 2009/8/20LCGTF St w S Al fE R A= =l 8 33



m EABCEETTEDLDH?

Noise from each vacuum component

Noise from vacuum at AS DC
10-9 o RRE
10" L
10-11
N
E 10-12 _.ZZZZZZZZZZZZZZZZZZZZZZZlZZ:ZZZZ.ZZZZZZZZZZZZZZZE
=
10" H POXout :
-l —— POYin :
| Povou IO
REFL Attenuator |
10 AS Attenuator |
i OMC Attenuator |
' POX Attenuator |
RF flat shotnoise | : _ :
total L e e R REtss
10-15 T T L il i il T R AR L i
3 10" 10' 10° 10° 10
Hz
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Strain sensitivity [1/rHz]

m RRRATNRDIEL LS (EREL)

o SenS|t|V|ty of LCGT for vanable optlcal conflgurat|ons Homodyne phase optimization by ETM offset
10 T e T T o 0 21313 3 s e e e o 3 300 : —————T——T
- g;g —— BRSE 257MPc. : N
1| = VbBRSE 217MPc ||
00 ‘ VbDRSE 290MPc 260
10 ;] = VdBRSE 190MPc
"] === VdDRSE 296MPc |l = 240
1 g
o gy S— DRSE 298MPC = 000 i 4
10 : S : s
§ 200 .................. E““:.'.T .' ...... . ...... E....f...s....s,..s...i ................ -
....... %) ~ : L ———
..... Z| 180_ _
102k -~ 60k A L L1 | e BRSE 257MPc ||
; 5 1 | me——VbBRSE 217MPc
120 A SRS S P VbDRSE 287MPc |
oV : 5 {1 | s VdBRSE 190MPc
107 1207 e e | e VADRSE 202MPC |
: : i | | = DRSE 293MPc
R 1010()‘13 . I lll. ..10“12
1072 Ll T R I R ETM offset [m]
10’ 10' 10° 10° 10*

Frequency [Hz]

« RF ZERA#EL D DC readout TNS-NSD IIJ_I/./“/’EOptlckle'Cn‘l‘%:

* SNR=8 TRIEAS (SLBEDEZDHHSADEZRLERL)

« ZZ TIldDetune phase X *Homodyne phaseD &1L+ E 1T

« REEDETELYBRSEA 1EI5E, DRSETH—ERA LMD IEHD phaseDxzBILIZCKDNR (RE
:Etﬁﬁn.mz— T E TIXS0ETEIE)

o [REBMIZIZHD phase KCRERER LM, RKETEFLHLIERTENSRENBILLET(BLE)

c INLDREREMNIL—ThyT) oG aEZ-BEENSNWELLTINEZLERETTS
JGW-G0900042 2009/8/20LCGTF et H B S AMEERE =l A 35



m Cross coupling

JRRAYTIT DA
Cavity
response
l B T H,,
Actuator a I- loop

f

Feedback filter

g = hja

H,,
H
n 24 Cavity
response
Vew Lo Ha
Actuator| A L-loop
F
Feedback filter
G = HFA

« ERICIFSBEHEDODY T VI H S
c IRDAY TNV TDHTIEL 2R, 3R---EHAHDT., FTETIESXSDT b+

) RAEBRXEHE T,

LANDAYT)2GEROHTLNS

- BHE. BHEEREILEEHEICEZELTHD

- IRTE

— DT 4—FNNY T T4 LA —

Ccrr
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ﬁ EABCEETTEDLDH?

Loop coupling noise of LCGT

s Loop coupllng noise, with feed forward 274 .8Mpc
10 EEEE EEEE e B S i 0. R R o
i S ;;g;g —L+ atREFL I2 ]
| == _— atAS DC
Lo I+ atPOX 12
15| e |- 2tOMC DDM
;o] =—=Is atPOX I1
.-+ i quantum total
: other displacement
| m— 0t

m/rHz
—
o

...........................................................

Frequency [Hz]
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m ZDihEE

NS-NS range for loopnoise /no RF

Feed Forward gain optimizatiol

08

075}

. |——BRSE

. | —— VbBRSE
|~ VbDRSE
| —— VdBRSE |
- | ——VdDRSE

. | ——DRSE

FF gain

NS-NS range for loopnoise {no R
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o
©
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©
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Unity Gain Frequency optimizatior

— BR5E

| —— v dBRSE | :
—— W dDRSE

—DRSE

—— VbBRSE | :
—— VbDRSE| :

10

1

UGF for |+, |-, Is [HZ]

» FF gain, UGF&BIZBRSE, HLLIFAIE THILFE KLY DA EE

JGW-G0900042

2009/8/20LCGTF it Al fEx &= =

S
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Looptickle by Stefan Balmar
— Displacement noise

— Many functions to analyze servo

EAIGTEETTTEDDH?

MNoise Budget for DARM, NSNS Range: 151 Mpc

]

Displacement [miHZ]

—Total

——Shot noise REFL I1

—Shot noise ASDC

——Shot noise POX I

——Shot noise POX Q2

—— Shot noise REFL IM
Naive shot noise REFL I1
Naive shot noise AS DC
Naive shot noise POX I

—Naive shot noise POX Q2

—Naive shot noise REFL IM

—— Seismic

== Mirror Thermal

—+— Suspension Thermal

—— Residual Gas

A —* Gravity Gradients

—+= 5R SusThermal

—*= PR SusThermal
BS SusThermal
Quanturmn noise from bench
Bench total noise

y

AT kT e

D —

L1111

1

Frequency [HZ]



Angular Noise Coupling to DARM

AdLIGO alignment simulation by Lisa Barsotti

bad SNR

Differential soft:

—REFL, 12

—REFL, I

: —AS, QM
|—AS, Q2

_REFLB 12
REFLB Q2
Seismic

===Comm&Soft
| ===CommHard
| ===DiffSoft

==DiffHard

.| ===PRC

SRC
—Total i
‘Designed Sensitivity |l

frequency (Hz)




Q

Q

(@]

Signal to Noise [m/rtHz]
=

(@]

(@]

w

Pt
P
>

N

—Homodyne |
— No homodyre

—_
o1

o

—_
~

(0]

Q.

16 10
Frequency[Hz]

10

ﬁ QND experiment at NAOJ

® Frequency domain interferometer
simulator for quantum noise
» Supports radiation pressure
» Supports vacuum injection
» Supports homodyne detection

® Front mirror loss = 30ppm
® End mirror loss (FEBEED) =

10ppm

® Loss after squeezing = 22%
® Homodyne angle = 2.5e- 4 rad

® 2-3dB squeezinghNEATFTES
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1/rtHz

m\loise from vacuum

1(? Noise from vacuum at HDa DC - PY :F;'}/]:‘E'l'?ﬁ\BPDi'to) DZ?’.ﬁ
¢ X BL# downstream
E 5 interferometer is dominant.
16 i 1 @ RFM5<{SshotnoiselFER
3 f.ff:;.‘\ : 'C%é
X % = » Output mode cleaner(dL»
N N\ ~
1d E \\ 4 bfd:l:\
2 ‘x‘\ N\
18 k laser N \.
E_ dark Bis ’:" 7
aF ETMX loss a1y
10 E ETMY loss  [iimmmtuinibaibibmbai, O e
POX in loss V
POX out loss B
POY in loss "
POY out loss AN l
HD1 loss ’/‘J‘ 3
HD2 loss \
RF flat shotnoisé"“v : g
total =
10 10 16 10 10
Hz
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Signal to Noise [m/rtHz]

@ Dependence on Homodyne angle

® le-5~1e-4[rad]|DIEFEST

10" : e, HOmodyne phaseZ a2 hO—)LLA
\ HD pahse 0.5e-4npd [+ 4 (X570
]4’ ) HD pahse 1.5e-4rad
10 HD pahse 2.5e-41ad
— HD pahse 3.5e-4rad
5 % HD pahse 4.5e-4nnd
10 K HD pahse 5.5e-41m
1 016
10'7 N
=
1 018
10 10 10 16
Frequency[Hz]
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