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Scope

 s/p ratio was measured to be ~2% at LLO with full
lock

* This document summarizes the measurements and
discussions to reveal the cause of excess s-pol,
and discusses possible additional measurements



IFO s-pol rejected light monitor
« Named OFI_B in HAM5

OMC backscatter rejected light monitor

IFO s-pol rejected light monitor

IFO s-pol
rejected light monitor

OFI TFP SQZ transmitted light monitor

> SFI2 misrotation monitor

¢ LLO experienced p-pol to s-pol
ratio of 222:1 at the BS AR
surface (c.f. LLO aLOG 22751)

* Propose we should be able to
monitor this to ~100x lower and
10x higher:

* 200mW/222~1mW.
e Upper level: 10mW.
e Lower level: 10uW.

— OFI TFP p-pol reflected light monitor

SFI1 misrotation monitor

FC p-pol rejected return light monitor

SFI1 TFP p-pol transmitted light monitor

OFI misrotation monitor

- SFI2 oR

*New since FDR

LIGO-G200072 mne

—> s-pol interferometer  ----> s-pol squeezed
/ —> p-pol interferometer - > p-pol squeezed

—> *45° interferometer > +45° squeezed

L1:100-OFI_PD B in CDS
(currently sampled at 16 Hz)

(LLO alog #59076)
LIGO-T2200018
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Power at AS port with Full Lock

« Estimated from LLO, ~40W at PRM (GPS time:

1 34206783‘ )

LIGO- G1601619

OMC BREADBOARD

SRM

L1:100-OFI_PD_B _DC _VOLTS =1.75
L1:100-OFI_PD_B _DC_GAIN =1 (0 dB)
-> 11 mW (total s-pol from SRM to OFlI)

= Using 36.5 uW / (0.0185V*10**(-10/20)) = 6.24 mW/V @ 0 dB
{ (LLO alog #60856, #59266)

OMC-DCPD_B 9397504 —— L1_IMC_IM4_TRANS_SUM_OUT16
OMC-DCPD A o e ' ; “ . . N
Eus —— L1_100_OFI_PD_B_DC_VOLTS X 6.24
ouput 5
ASC-OMC_A Mode 2 —@ LSC-ASAIR_A S e e P v SV
OoM2 H —— L1_ASC_AS_C_SUM_OUT16 x 0.14
Asc-omMc B Cleaner oMi  |—@ Lsc-asar B S o
D E OM3 ‘ 5 467.5 + T T T T T T T
. ASC-AS_A % 533 e L.I_OMC_DCPD_SUM_OUT].G x1.16
ASC-OMCR_A .- - —@ Asc-As_C .
ASC OMCR_B ’ - A . ASC-AS_B * (I) 560 10‘00 15I00 20‘00 25‘00 30b0 35‘00

OM1 T=800ppm
OM3 T=1.5%
OMC QPD pickoff=0.7%
OMC MM = 93.2%
OMC loss = 4%
QE =99%

(LLO alog #55225)

L1:O0MC-DCPD_SUM_OUT_DQ= 20 mA
-> 23 mW at OMC transmission in total (p-pol carrier TEMOO)
Using 0.86 A/W (LLO alog #60885)

time from gpstime 1342067831 (sec)

L1:ASC-AS_C_SUM_OUT_DQ = 3350cnts

L1:ASC-AS_A SUM_OUT_DQ = 36200cnts

-> 470 mW or 485 m\W before OM1 (total OFI transmission (p-pol))
Using 149.8/21 cnts/mW for AS_C, 1568/21 cnts/mW for AS_A
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Estimating s/p Ratio

« s/p ratio of light going to OFI can be estimated
using OFI_B and AS_C_SUM
- L1:100-OFI_PD_B_DC_VOLTS * 6.24 gives mW
when gain is O dB. (It was 10 dB before June 22
(around 1339924767))
- L1:ASC-AS_C_SUM_OUT_DQ * 0.14 gives mW

« OFI_B/ITM input
- L1:IMC-IM4_TRANS_SUM_QUT gives input
power in W
- PRM transmission: 3.1% (PhysRevD.102.062003)
- SBRM transmission: 32.4 % (PhysRevD.102.062003)
- BS is 50:50 for p-pol (~80:~20 for s-pol)
- Power recycling gain: 44 (LLO alog 60702)



https://doi.org/10.1103/PhysRevD.102.062003
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Mode Content with Full Lock

 In OFIl_B, 8.4 mW out of 10.5 mW is carrier

(We cannot conclude that it is not 00 mode from DC
chopping test; see following slides)

 S/p ratio is about 2%

OFI Rejected Beam (wrong pol) too high power

3353 36149 1.73 8615 10006
arm power we have 10.5 mW 3344 36049 1.74 9983
e Test of RF reduction says it’s mostly E 3437 37100 1.71 62 10015
. ' 3435 37072 1.71 6 10009
carrier (8.4 out of the 10.5 mW) 3 S Tt
e Test of chopping DC current says it’s
3304 35594 1.74 9 9981
not 00 mode . 3303 35586 1.74 @ 9979
5 3301 35562 1.74 9975

e Quick crosscheck assuming same
calibration at H1, they have 0.3V
versus our 1.7 V

e Also measured HAMG total loss ~17%
and OMC MM ~7%

LIGO-G2201281, LLO alog #60883, LLO alog #60878

alogs:60856
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Single X-arm Lock

 s/p ratio reduced with Xarm locked, compared with
ITMX single bounce (0.2% -> 0.07%)

« Suggests non-uniform F | asemmssmants/ /)

9.4 1 | | | | l_/

ITMX birefringence is S oon St oo orres oeomenrer
causing this; see Section |V M
in LIGO-T2200272 [roppe— R

189 — L1 ASC_AS_C_SUM_OUT16 x 0.14

Power (mW)

an an oo on 100 1an 140 10 130

J/:_LSC_TR_X_NORMJNMON

0 20 40 60 80 100 120 140 160 180
time from gpstime 1336159870 (sec)

N
o

Corrected ratio for
BS unbalance

Counts

o

IM4_TRANS OFI_B AS_C_SUM | s/p ratio

ITMX single 9.6 Wto IFO 0.019 @ 10dB 138 0.20% (AS) \

bounce ~150 mWto ITM | (0.038 mW) (19.4 mW) 0.14 mW /120 mW = 0.12 % (ITM refl)

Xarm locked 9.6 Wto IFO 0.0061 @ 10dB | 142 0.065% (AS)
~150 mWto ITM | (0.013 mW) (19.9 mW) 0.050 mW /120 mW = 0.041 % (ITM refl)

Full lock 39.7 Wto IFO 1.74 @ 0 dB 3350 2.3% (AS) —y
~870 W to ITM (10.8 mW) (470 mW) * Note that p-pol is RF sideband dominated /



https://dcc.ligo.org/LIGO-T2200272

Lawrence Effect: ITM Substrate

» Lawrence effect (conjugation effect; mode healing)
also works for birefringence

See Table | in LIGO-T2200272 HOMs are suppressed
¢o + ¢z, y) Inside the cavity
<>
2 for double pass
Ei, / Ei = tle—i(¢o+w))Ein
V< ) G ]
Eprompt — —Tle_i(2¢0+2¢(m’y))Ein ( >
< - —
BT i260+d(a0))
Ecavtrans = ———=e ' 0 oY Ein
1 — 179
Ereft = Eprompt + Feavtrans 1 for HOM, as it will be single pass

~ [—7“1 (1 — 2i(do + d(z,y)) + %(2@'(% + cb(:v,y)))Q)

#L ) (1= 8200 + 6o 9) + 50260 + 6w 0)? ) | B

~ —(1+ 2i¢y — 2(igo)* + (id(2,9))*) Bin
= s-pol TEMOO remains, HOM suppressed to O(¢p(x,y)*2)


https://dcc.ligo.org/LIGO-T2200272

Lawrence Effect: ITM Coating

* Not perfectly for ITM coating, as penetration length
IS not equal to coating thickness

See Table | in LIGO-T2200272 HOMs are suppressed
¢0+&(2,¥)  |nside the cavity
2 for double pass <>
|<1 for penetration length
B / E{ = tle—i(¢o+M))Ein
V< W )
Errompt = e i2ldot2e(zy) B ( >
5 € . _
[ 1 t17“2_ - e~ (200t (30)) B
— rirqe— "t 0\

Eren = Eprompt + Ecavtrans
~ [—r1 (1= 2li(do + &(z,9)))

HL ) (1 200 + 6(o.0) + - 2idn )| B

Enhanced by cavity

~ (1 +2(2 = Digo — 2(1 — 1)i¢(x,y)/+7¥zz’¢o> jo

s-pol TEMOO enhanced by cavity, HOM not suppressed completely
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S-pol from Arm is 90 deg Off

« s-pol generated in arm reflection is always 90 deg out of
phase from p-pol in small birefringence limit

« This is always the case, arm locked/unlocked or with small
arm detuning

 DARM offset will change MICH fringe and amount of s-pol
carrier TEMOO in AS port, but AS port could be bright for s-

pol, depending on axis orientation of both arms

If we consider arm cavity as a waveplate which makes small phase shift
0<<1, and its axis is rotated by 6 from input polarization, reflected light is

o ypes — ( cosf  sind e’ 0\ (cosf —sinf) (1
Urefl = WWEPUin =\ _6ing cos 0 1) \sinf cosf 0

1 — 48 cos20 Orthogonal polarization have i, which
means its phase is off by 90 deg
(+90 or -90, depending on axis orientation)

Input pol

Y

10 cos B sin 0

Resonant condition of arm cavity will change the amount of d and 6, and
thus amplitude of orthogonal polarization, but it will not change the phase 10
of orthogonal polarization



BS Messes Up s-pol

« BSis ~80:~20 for s-pol, and phase in reflection/transmission
is different from p-pol by O(10) mrad (LIGO-G1501374),
which makes MICH reflection/transmission phase difference
by ~100 mrad PRC linewidth is 2*pi/Finesse ~ 50 mrad

« This is enough to shift s-pol resonance away from p-pol
resonance, and MICH fringe away from bright/dark fringe

With zero DARM/CARM offsets and no PRM/SRM, electric field of AS

beam and REFL beam will be Different for s-pol from BS effects
N

Eiag = \/2(1 — cos(¢p, — ¢y))TBStBSEinei(Wt_(¢w+¢y)/2—77/2)

EREFL = \/1 — 2(1 — cos(¢y — ¢y))T%St2BSEinei(Wt_(¢w+¢y)/2‘|—@)
tan o = (tQBS — 7“]238) tan (¢z — ¢y) “~_ /
x-y = -76 mrad for AS and REFL DIFF and COMM mixed in PRC

(x+y)/2 = -184 mrad for AS
(x+y)/2-¢@ = -146 mrad - 22 mrad = -168 mrad for REFL


https://dcc.ligo.org/LIGO-G1501374

Discussion
« Why DARM offset didn’t change power in OFI_B much?

- It is possible because contrast of s-pol is probably worse than that of p-pol, and MICH
fringe is different for s-pol (AS port can be dark or bright for s-pol, depending on axis
orientations of both arms, and shifted from perfect dark or bright from additional phase in
BS). For example, if ITMX birefringence is very large compared with ITMY, DARM offset
does not change s-pol power at AS.

* Why s-pol is carrier dominant?

- Resonant condition in PRC/SRC is different for s-pol because of BS, and RFSB (and
carrier TEMOO) are suppressed?

- ITM non-uniform coating birefringence can create carrier HOMs in s-pol (ITM substrate
birefringence cannot make much due to Lawrence effect; See previous slides and Table |
in LIGO-T2200272), but it also makes more carrier 00 mode when the arm is locked than
unlocked.

- Can be also explained if uniform coating birefringence is small

- It could also be that birefringence in the coating mainly on substrate side (because of
stress from mirror-coating boundary?)

« Why s/p ratio increased to 2%, compared with single arm

lock?

- With full lock RFSB dominates p-pol, but for single arm, carrier dominates p-pol
- Also, higher power creates larger birefringence (LLO alog #61099)
- Additionally, some HOM s-pol might be resonating in PRC/SRC?
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Possible Additional Measurements

PRXarm/SRXarm locked and unlocked
- Gives the effect of PR and SR

Single arm detuned, RF modulation depth scanned
- To see mode content for single arm lock

FPMI and single arm
- To check if s-pol generated is common or not

ITM/ETM ring heater on/off
- To confirm if the effect is from ITM, and if ETM contributes

Power high/low
- To check power dependence on ITM birefringence

Arm/PRC/SRC cavity scan

- to see mode content in OFl_B (better to have fast ADC synced with other channels)
Use other in-air ports? (POP? HWS port?)

TRX/Y gives polarization modes in the arm (assuming ETM
substrate birefringence is small)



Detalls
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IFO s-pol rejected light monltor
 Named OFIl_B in HAM5

LIGO-
E2100030

LIGO-T2200018

LLO alog #59282
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Current OFI_B Signal Chain

Excelitas FFD-200H (E2100030)
A+ Squeezer Interface Chassis
A

uxiliary Signals Concentrator 9
Dual DC Photodiode Amplifier

D2100369)

D2000505

D1200543

- Trans-impedance switchable from 1k, 3.16k, 10k 31.6k

Has extra x(-2) gain
0 whitening
ADC-ed with Beckhoff (16 Hz

L1:100-OFI_PD_B in CDS

LLO alog #59076

LIGO-D1900511

DCC: D1700308 DCC: D1700306

€300 HAM7ISI OnTable 6f €304 HAMTISI OnTable

e [ VAC 5Q o1t 225:] Devieesce | 1 - 260n . 37 Slok DS Rack mA

nches VAC SQ 017 D2SM,
5 5 DCC: DI700438 FlangeSide > Vac.Side  AirSide
queczer Oven Transl. & Cav. Piezo oD e
Cable Bracket . D25 Vacuum Feedthrough
DCC: D1700308 DCC: D1700306
C301 HAM7ISI  OnTable o €305 HAMTISI OnTable pec
Squossee Theemistor & Pel C 5Q 012 D35 | [P €308 Slot:DSF4 Rack: HAM7 1SC s D2sF
DCC:D1700439 FlangeSide Aol S S0l DI gy e PR JHL O S S

Squeezer Thermistor & IOPO TEC 70R_ISC S

Cable Bracket DCC:DLAEIS D25 Vacuum Feedthrough

DCC: D1700308 DCC: D1700307
€302 HAMTISI On'Table €303 HAM7ISI OnTable

- WI VACSQ 013 DO[ o
Squeezer DCPD & Lens Transl, l?lanfzsx:cc 6 _VAC S0 016 os,_

DCC: D1700306
€306 HAM?7IST On Table

Dee
G et DS R HAMT]

DCC: D1700440 - DeviceSide 9
Squeezer DCPD & Lens Transl. DCC: D1700308 FlangeSide 260Inches VAC SQ 019 DISMc. v sige  AirSide
. Cable Bracket DCC: DI700316
Beam diverter Cable Bracket D25 Vacuum Feedthrough

252 SoDsIC2 Racks avs
D2Me vac.side  Airside —223M

HAMS DCPD
Beam diverter?

D25 Vacuum Feedthrough

D1700308 Wiring Diagram - More Cables

310

Cav. Piezo, Oven Transl.
OPO TEC & Thermistor
DCPDs, BDiy, Lens Transl.
HAMS OFI DCPD
PI870 Inputs
Beam Div. HAMS =

PD Amp. (In) PDI

PD Amp. (In) PD2
PD Amp. (In) PD3

C6R ISC 5Q 461 FC FIBR

PD Amp. (1n) PD4 - e hepD3 | trolsf6C]
b A (7 Rt i (R ettt
PD Amp. (mma - - DCPD5_| SqueezerlnVacControls[6C]
v
ol TS s 15¢ 50 22 Tovnhame BB o
PRI SR SO0 e smeemcaennaonis)
o ¢ s0 5 vone o0 SIS S5 B

SQZ Aux. Conc. 9
DCC:D2000505

Rack: SQZ-R2 Slot: U10

Lo Not compatible with LIGO picomotor driver
ISC ﬂic!

ISC_C2_SH2[2C]

Beam Div. HAM7
DCPD A

BDIV

1Ce

T
02 o5
EtherCat TEC, Tnuml =

15M

Over

SqueezerConcentrators[3B]

MI2F

W

Bottom Rescrvoir

Unused

S Ve Inaticn V2
C:D210036

Rack SQz1 % SlotUs

| 1O

| Green pump
| a cLF
| Green FC
|
|

Doop HaMs | OFL B HAMS

Green pump
Red CL

Green
OFI_A HAMT
OFI B HAMS
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Noise Estimate

* PD dark noise / transimpedance amp noise

- FFD-200H: 0.125 A/W at 1064 nm (Datasheet)

- FFD-200H: Dark current 56 fA/rtHz @ 1 kHz (Datasheet)
- OP97: 20fA/rtHz, 30nV/rtHz (Datasheet); assume 1 kOhm transimp

 Shot noise

- Power at BS in O4: 2800 W? (400 kW at arm)

- s-pol power at OFI_B: ~11 mW with ~40W at PRM (LLO alog
#60856); assumed 1 mW to be TEMO0O, and 10 mW to be junk)

- Assume no squeezing in s-pol
- FFD-200H has QE=15%

« ADC noise

- 4 uV/rtHz ? (assuming 16bit ADC)
- Use 3-stage 10 Hz / 1 Hz whitening filter
(e.g. LIGO-D1001530)
- whitening filter noise: 3e-8 V/rtHz

Respon

FFD-220H Responsivity

sivity (A/W)
o o o o o
w o ~ [+°] (<]
L ! ) .

“0.125
r E=0.15)
1.2

0.6 0.8 1.0
Wavelength (um) 1 7
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Power equivalent noise (W/rtHz)

Estimated Power Equivalent Noise

« Dominated by ADC noise at low frequencies

» Transimpedance amp noise and shot noise from junk light
(HOMs, RFSBs) at high frequencies
- Amp noise can be reduced further with modifications

1078 4

1079 3

\

Assumed 1 mW of carrier
TEMOO and 10 mW of junk
light for s-pol

ADC noise: if we use

1010 4 AN usual fast ADC with
1 —— ADC Noise (10:1 x3 whitening) Whitening filter (not current
Whitening Filter Noise
—— Transimpedance Amp Noise BeCkhOffADC)

10711 5

10712 5

{ —— Total

{ — PD Current Noise
1 —— Junk Shot Noise (10 mWw)
1 —— Carrier Shot Noise (1 mW)

Ideal Shot Noise (QE=1)

10-1 10° 101 102 103

Frequency (Hz)

104
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Noise (V/rtHz)

Measured Noise

+ From L1:100-OFI_PD_B_DC_VOLTS (16 Hz)

« Dark noise also measured with spectrum analyzer
by Masayuki

1071
- 82'2 Locieflislg ':Z) Currently Beckhoff ADC
] — _Bdar z . e e ey .
10-2 1 —— dark (spectrum analyzer) noise is limiting dark noise

—— expected electronics noise

Dark noise measured with a
spectrum analyzer matches
well with our electronics
noise expectation

102 10-1 10° 10! 102 103 104 1 9
Frequency (Hz)



BS Phase

Number from LIGO-G1501374 HR
-54 mrad
| AR
-28 mrad -64 mrad
> >
-28 mrad/ /
<€ <€

-64 mrad
(transmission phase is the same
for both sides)

-2 mrad
(=(-28)*2-(-54y'mrad; from energy conservation)


https://dcc.ligo.org/LIGO-G1501374

