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'NTRODUCTION fL OUT OF LOOP PHOTO_DETECTOR FOR PD HngT)(; Photodiode y Shutter
HIGH LASER POWER CREATES STRONG THERMAL LENSING IN THE INTERFEROMETERS OPTICAL RESONANT ]| THE FOLLOWING CASES: FM  Mirror Flipper
CAVITIES USED FOR GRAVITATIONAL WAVE DETECTION. MORE DEMANDING PERFORMANCE WILL REQUIRE EVEN

*[SS LOOP OPEN, LIGHT, GREEN CURVE. BD Beam Dumper

HIGHER AMOUNT OF POWER STORED IN CAVITIES. TO BE ABLE TO CONTROL THE INTERFEROMETER AND
ACHEVE THE STORED POWER DESIGN, WE REQUIRE ACTIVE WAVEFRONT CORRECTION SYSTEMS TO MINIMIZE
THE THERMAL LENSING.
THE INCREASED LASER POWER OF ADVANCED LIGO WILL NECESSITATE A TCS OF MUCH GREATER
COMPLEXITY THAN THE CURRENT SYSTEM.
WE WILL DISCUSS THE RECENT IMPROVEMENT OF THE THERMAL COMPENSATION SYSTEM IN PREPARATION FOR
THE NEXT LIGO SUENCE RUN AND THE DESIGN OF THE THERMAL COMPENSATION SCHEME FOR ADVANCED LIGO.
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INTERFEROMETER THERMAL
COMPENSATION: HEATER PROJECTOR

HR Coating

CW CO, Laser BN R RS RN LAYOUT OF THE CO, LASER PROJECTOR FOR ADVANCED LIGO. THE LASER IS THERMO-STABILIZED TO 0.05K
- 10° 10’ i . 10° 10° WITH AN ACTIVE THERMAL INSULATION ENCLOSURE. THIS LIGHTPROOF AND ACOUSTIC ENCLOSURE ALSO
requency [Hz] ALLOWS TO "DE-CLASS" THE 35W LASER TO CLASS | THANKS TO A MRROR FLIPPER WHICH CAN DUMP MOST OF
THE POWER TO A WATER COOLED BEAM DUMP.
A dicons doublet = COHERENCE SPECTRUM WITH DIFFERENTIAL ARM LENGTH SENSING SIGNAL ' ~ THE INTENSITY STABLIZATION SERVO OPTICAL ELEMENTS (ISS),
' ' NI — THE ANGULAR JITTER REDUCTION SYSTEM (AJR),
o @ . H1:TCS—IITMX_PD_IISS_IN_AC*lH1:LSC—DAII=EM_ERR, dfl: 0.125Hz, Alugs: 499 | COHERENCE SPECTRUM RETWEEN THE ISS IN — THE FIXED POLARIZATION ANULAR AND CENTRAL HEATING CONTROL SYSTEM (FPCH & FPAH),
Overheat Underheat Overheat LOOP PD SIGNAL AND THE ERROR SIGNAL OF —  THE BEAM IMAGE. (RCULARIZER ON TEST MASS FACE (BIC),
S Nt Ooam Mo GORT G B Foal S — T— _— I— E— — —_— 1| THE ARMS DIFFERENTIAL LENGTH USED TO
5 | : CONTROL THE INTERFEROMETER'S FARRY- — THE MAGNIFYING TELESCOPE (MT).
HOW IT WORKS ‘g 0.8 | .................... .................... .................... .................... __________________ - PEROT CAVlTlES AND EXTR_,ACT THE MA]N
? INTERFEROME TER_ SIGNAL.
THE HEATING OF THE OPTICS SUBSTRATE PRODUCES A CHANGE IN OPTICS REFRACTIVE INDEX (MAIN EFFECT). Soal — — oo R T _ ISS : THE ISS SYSTEM USES A WATER COOLED AOM AS THE ACTUATOR AND TWO HgCdTe PHOTO-DIODES (IN
THIS PHENOMENON TOGETHER WITH A CHOSEN HEAT DISTRIBUTION, ALLOW TO CREATE A THERMALLY =30 IR U SN SR S A S N R | | APART FROM STRONG COHERENCE AT POWER, AND OUT LOOP) SENSCRS.
CONTROLLED LENS (THERMAL LENSING.). USING A LASER BEAM TO HEAT THE MIRROR WITH THE e LINES FREQUENCIES THE SPECTRUM SHOWS - A AJR_: THE AJR. SYSTEM USES A PAR OF GALVANOMETERS AS ACTUATORS AND A HgCdTe QUADRANT
NIDPRS P‘gﬁg EZRA@%VERE.%P%WS&?PE%BU%}O%;YFE&N C?ggs% Ksll'[:fifFch; 1\}/\%&) R%%U—?-E oF THE 0 | bt bt | RELATIVELY HIGH COHERENCE 0.4 AT 147Hz. PHOTODIODE TO MINIMIZE THE BEAM ANGULAR JITTER.
m$ER§EROMET§§ EASEFE BE}TME«/A\/E&ERoNRT. T}E4E CO? LASS'? WAVE LENGTH (134.53%) 1S QUAS! lDEALEBEC.AUSE e THE 147H2 PEAK IS DUE TO A TYPIAL EPCH & EPAH: THE POWER CONTROL OF THE CENTRAL AND ANULAR HEATING IS DONE USING A
~ 907 ™ | | % REMOTELY CONTROLLED ROTATING HALF WAVE PLATE WITH A FIXED BEAM SPLITTER POLARIZER TO REDUCE
OF THE SUBSTRATE AND HR,COAT]NG HIGH ABSORPT]ON COEFFK.IENT ( 90/ )- o H1:TC!‘S—ITM>{_P!D_ISS_INI_AC H1.LS!C—DARM_I!ERR, df: 0.':25H2, A\.-'g!s. 499 ’NTENS’TY NO'SE ’NJECT,ON MEC.HAN,SM: ANGULAR J]TTER ]NDUCED BY ROTATING POLAR]ZERS.
_ I B e T I SR SFTIC BIC: CRCULARIZATION OF THE BEAM IMAGE ON THE TEST MASS FACE WITH LARGE INCIDENT ANGLES S
,NTERFEROMETER THERMAL COMPENSAT'ON: NOISE MECHANISMS .*EI:. 0.4 e ................... .................................... .................. .................. ................... .................. ................ | WlLL GENERATE ]NTENSITY NOISE. OBTA]NED US]NG AN ANAMORPH]C PR]SM PAIR WchH CAN TURN THE TRANSVERSE BEAM PROF]LE ELL]PT]C.
R P~ — — e S— 1 | COHERENCE WITH THE PD IS DUE TO THE MT: MAGNIFYING TELESCOPE LAUNCHES THE BEAM IMAGES AT THE ABS AND CBS TO THE COMPENSATING
THE CO2 LASER DEPOSITS HEAT JUST ON ONE FACE OF THE MRROR. IF THE LASER POWER FLUCTUATES, THE HEAT DEPOSIT Sl T — | |EXCITATION OF THE PD AND THE NON PLATE FRONT FACE PLACED IN FRONT OF EACH [TM MIRRORS.
FLUCTUATES AND WILL CREATE DISPLACEMENT NOISE <Az> BECAUSE OF THE FOLLOWING COUPLING MECHANISM: :’ NFEORMITY RESPONSE OF TTHE PO ACTIVE
THERMO-ELASTIC NOISE (TEN) . HEAT PRODUC.ES CHANGES lN THE THERMAL EXPANSION OF THE MIRROR CHANGlNG S o1 ______________ .................................... __________________ ..................................... __________________ ................ _ * TH]S DES]GN ]S BASED ON LESSON LEARNED FROM THE CURRENT ENHANCED L]GO C‘Oz PROJECTOR AND ALSO
THE MRROR SURFACE. . . | et ettt s bt o] | A MORE CAREFUL BEAM ALIGNMENT CONTAINS ELEMENTS OF THE CURRENT VIRGO TCS PROJECTOR.
THERMO-REFRACTIVE NOJISE(TRN): THE REFRACTIVE INDEX DEPENDENCE WITH THE TEMPERATURE CHANGES THE oMo e e g M e s | ELIMINATED THE COHERENCE 92 and
OPTICAL PATH OF THE INTERFEROMETER. 147Hz HARTMANN SENSCR,
FLEXURE NOISE (FN): HEAT OF ONE FACE OF THE OPTICS PRODUCES AN UNEVEN THERMAL EXPANSION OF THE MIRROR s— S HOW IT WORKS
WHICH CAUSES A CHANGE IN CURVATURE OF THE MIRROR eident Waveron . A HARTMANNRAYS PROPAGATE NORMAL TO
THE INUDENT WAVEFRONT TO THE
— \ ADVANCED L|60O: THERMA COMPENSATOR LAYOUT & CONTROL STRATEGY r S HARTMANN PLANE .
P 1 _ = d Gor I R) IF THE WAVEFRONT SLOPE CHANGES THE
= Ve £ . Ll ' o - _ 0T 7 T 79 “num -
2 fCp \ mw? 2F 2FdT|  h? . THE SHIT IS PROPORTIONAL TO THE

LAYOUT OF THERMAL COMPENSATION SYSTEM.

WAVEFRONT PHASE SHIFT Ag, I. E.:

Hartmann Rays

TEN TRN FN N

Substrate
Distorted Substrate

Ap = Ar/L

— RED BULLETS: RING HEATERS,
— BLUE LINES : DUAL OPTICAL LEVER SENSCRS,

— GREEN PROJECTIONS: CARBON DIOXIDE LASER HEATERS.
BLACK LINES: HARTMANN SENSORS.

P 1S THE TcS AVERAGE LASER POWER, WITH THE SAME GAUSSIAN SPOT SIZE W AS THE IFO BEAM, p AND C ARE THE
DENSITY AND HEAT CAPACITY OF FUSED SILICA, 77 IS THE FUSED SILICA POISSON RATIO, a0 THE THERMAL EXPANSION
COEFFICIENT, 72 AND dn/d T THE INDEX OF REFRACTION AND ITS TEMPERATURE DEPENDENCE, F' THE FINESSE OF THE
ARM CAVITY, AND /2 THE THICKNESS OF THE INPUT TEST MASS . ' DESCRIBES THE THERMALLY INDUCED STRESS

COUPLING MECHANISM. THIS FACTCR IS A MINOR CONTRIBUTION FOR CENTRAL HEATING BUT TENDS TO DOMINATE THE
NOISE FOR ANNULAR HEATING, OF WHICH BARREL HEATING IS AN EXTREME CASE.

RIN 1S THE RELATIVE INTENSITY NOISE WHICH IS THE REDUCED BY THE ISS SYSTEM.

DOL

A COD CAMERA COLLECTS THE IMAGE TO
COMPUTE THE PATTERN CHANGE WHICH IS
THEN USED TO RECONSTRUCT THE

B) WAVEFRONT w(x,y).

DEMONSTRATED WAVEFRONT RESOLUTION
C = A/500

Hartmann Rays

Emerging Distorted Wavefront
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INTERFEROMETER THERMAL COMPENSATOR; INTENSITY STARILIZATION SERVO (ISS) Rl T T ] oFERENCE OF TWO ACGURED .
Saep Il a7t a7 1| CONSECUTIVE PATTERNS OF THE -
© Lt el .+ | WAVEFRONT OF AN INCOHERENT 3 o
BeamDump Rotati C ENT PERFORMANCE ARE LIMITED T a6« : . \: : N : N = POINT -LIKE SOURCE IS A MEASURE OF S '
35W CO2 Laser e % P‘ﬁgtig‘eq BLY}RTRHQPD P‘SE-EMPGJFIER \‘}OLTAGE % e I RN THE HARTMANN SENSOR NOISE FLOOR |8
: o /% AN ey NOISE ~1nV/VHz b el l e | T FGLRE : e
= (e |y SAM satmam S Lt e e e el e | THERECONSTRUCTED WAVEFRONT IS [
Qop &““ SERVO BAND FROM NOIHZ to N6OkHZ IControI Strateély% . ‘; « t > : v 1 - : « ‘i - ;' .4 THEREFORE THE WAVEFRONT — 1.6 nm
AOM DriveZk fo SR (7. T Heating Pattern Optimization ool . 1.'2 ‘2l4 x 3.6~ 4 . ” 6|O} - SPACIAL RESOLUTION OF THE SENSOR
HgCdTe PDs LGDIS PD SUPPRESSION FACTOR ~ 10-30 THERMAL COMPENSATION CONTROL : ‘ " Horizontal Position (mm) | (RIGHT FIGURE) 0.0 1.2 24 36 ?.8 ) 6.0 7.2_274 o
? ? Horizontal Position {(mm
DIRECT MEASUREMENT AND STUDY OF THE INTERFEROMETER
SIGNAL ARE REQUIRED TO DEVISE A ROBUST CONTROL LAW FOR ‘ DUAL BEAM OPTICAL LEVER I
THE INTERFEROMETER THERMAL COMPENSATION. HOW IT WORKS
CCIITIFIEHEE.'IIDI' Dual Beam _ THE DOUBLE BEAM OPT]C.AL LEVER C.AN EST]MATE THE VAR]ATION
—_C THE MAIN SENSOR SIGNALS ARE THE BULLSEYE PHOTO- ™| Opical Lever [°]1™
/\ ol cor DETECTORS WHICH MEASURE THE SIDE RANDS INTENSITY LSED 7 - ?_TE-:R'Q;? RADIUS OF CURVATURE AR DUE TO THERMALLY INDUCED
CTRL CTRL TO CONTROL OF THE INTERFEROMETER LONGITUDINAL o] Doy LU 22 5 £ . Prgjgftor _ )
_[?%65%%58& g&z%sggox}@é% r;g:\JET Pg?sTEHCéAATs%ABSE\:a?H ALLOW = i G Wedged Mirror ONE BEAM &A}E’WG%S AS CLOSE AS POSSIBLE TO E?ENCS.ENTER OF THE
: Y 3 z in MIRROR MAKING THE REFLECTED BEAM QUITE INSENSITIVE TO
THE ACOUSTO-OPTIC-MODULATOR DEFLECTS 10-207. OF THE LASER LIGHT. A PERCENTAGE OF THE EMERGING FROM THE INTERFEROMETER. o e sl 55 S 3 e
EMERGING LIGHT IS SAMPLED BY A HgCdTe PHOTO-DIODE (PD). THE PD SIGNAL CARRIES THE LIGHT POWER i %RVATURE CHANGES. THE SECOND BEAM WILL THEN MEASURE
FL}L{JCTUATION WHICH ONCE FILTERED TO S?TEFY S'LABIUTY AND PERFORMAf'jCE C.EISTER'I\JA ls)\SjENTSTO THE NON STATIONARITY OF THE INTERFEROMETER WILL rer 1O I B e - .
THE AOM MODULATOR. THE AOM CORRECTS THE LIGHT POWER FLUCTUATION BY INSTANTANEOUSLY PROBARLY REQUIRE TO MEASURE THE SO CALLED SENSING ™ Signals ?
DEFLECTING THE PROPER AMOUNT OF LIGHT. LOW FREQUENCY POWER DRIFT CAN BE CONTROLLED BY A MATRIX DYNAMICALLY TO ACCOUNT THE DRIFT IN THE QPDs MIRROR_TRANSLATION AND TILTS CAN BE SUBTRACTED TO A
BREWSTER ANGLE ROTATING POLARIZED. INTERFEROMETER RESPONSE. CERTAIN DEGREE BECAUSE THEY CREATE MAINLY A COMMON MODE
INTERFEROMETER « SIGNAL IN THE TWO QUADRANT PHOTO-DETECTORS CUTPUT.
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