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Developmentof Large SizeSapphireCrystalsfor
LaserinterferometeGravitational Wave
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Abstract— Becauseof its high density and superior quality factor, sap-
phire crystal, asa candidate material for test masseshas attracted much
attention in gravitation wave communities. The use of sapphire crystal,
however, is limi ted by its size,homogenely and absomption. An effort has
beenmadeat the Shanghailnstitute of Optics and Fine Mechanicsin a col-
laboration with the Laser Interfer ometer Gravitational Wave Obsewatory
Laboratory to overcome thesedifficulti es. By using Dir ectional Temper
ature Gradient Technique (TGT), sapphire crystals of 11 cm in diameter
and 8 cm in length were grown at the C plane (0001). The resultsindicate
that a homogenéty of < 5 x 10~7 and an absorption of 35— 65 ppm/cm
have beenachieved at wavelength of 1.06 um. This paper presentshe TGT
growth of sapphire crystals,their transmittance spectra, optical homogene-
ity and absompti on. Futur e applications for gravitational wave expaiments
are discussed.

Keywords— Gravitation Wave, Interfer ometer, Mirr or, Test Mass, Sap-
phire, Crystal.

|. INTRODUCTION

Albert Einsteinpredcted the existenceof gravitation waves
aspartof thetheoryof geneal relatiity [1]. Whenthe space-
time cunaturevariesrapidly it shouldemanatecunaturerip-
ples (gravitation waves) which propagatethrough universeat
the speedof light andcarrythe imprint of graviton. The Laser
InterferometerGravitational Wave Obseratay (LIGO) is de-
signedto studyastrophgicalgravitationalwavesaswell astheir
sources.Thelaserinterferanetermeasuresvith high precision
the time taken by controlledlaserlight traveling betweentwo
suspendedhirrors at4 km apart.

For each power regycled Michelson interfecometer with
FabryPerotarm cavities two pairsof mirrors (testmassesare
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Fig. 1. A schemat shaving the configuraion of LIGO interferomete.

arranged in an L shape,as shavn in Fig. 1. Any difference
of the distancesbetweentwo pairs of mirrors will direct sig-
nallight to aphao sensorSincethegravitational wave charges
the differenceof the distancedetweentwo pairsof mirrors it
would causevariatians of the signallight on the photosensor
Two interferametersof this kind arebeirg built by LIGO. One
is nearRichland,Washingtonandthe othernearBatonRouge,
Louisiana They will opeatein unisonto rejectfalsesignal. The
overall detectiorlimit of thiskind of interferometeis limited by
its noise.Fig. 2 shavsthepredctedrmsnoisespectrdor LIGO
I. While the seismicand phaon shotnoisesdominatethe fre-
guercy domainsof belov 70Hz andabose 200Hz respectiely,
thethermalnoise causedy thermallyinducedvibrationsof the
testmassesndtheir suspensios, domindesthe frequeng do-
mainin themostsensitve region betweern/0and200Hz.

Oneof thecritical researctareador the enhacementof the
LIGO detectoris to redue the testmassthermal noisein the
internal mockes, labeledas TestMass Themal in Fig. 2. Be-
causeof its excellentoptical properties,the maturity of produc-
tion techrology andgood but not outstanéhg, therma noise,
fusedsilica is usedfor testmassesn initial LIGO | detector
Single crystalmaterials,suchas sapphire areexpededto pro-
videagoodchanceo redwcefurtherthethermal noise.Sapplire
crystalis trans@rentat visible and nearinfraredwavelenghs.
Compaedto thefusedsilica, its higherspeedof sourd, higher
densityandlower mechaital lossfactor or higher quality fac-
tor, would give a majorimprovemet in the thermalnoisedue
to internd modkes. Low-loss sapphie crystalshave beensuc-
cessfullydevelopedassubstratesn FabryPerotrefererce cav-
ities [2]. Sapphirecrystalis comnercial available, but not in
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Fig.2. Thermsnoiseof LIGO | from varioussourcesandcorrespondingsensi-
tive region areshowvn asa function of frequengy.

the size of LIGO requiement,i.e. 35 cm in diameterand12
cmin length. Ther arealsosignificantissuesthat needto be
addressedor sapphireapplication in LIGO, amorg which the
optical homayeneityof < 5 x 10~7 andabsorptio of < 10
ppm/cmat wavelendh of 1.06 um arethe two mostimportar
requiementq3].

Large sapphirecrystalsof ¢28 x 15 cm are grown at a-
plane(1120), m-plane(1010) or r-plare (1102) by theHeatEx-
chan@rMethod(HEM) in CrystalSysteminc., SalemMA [4].
To eliminatethe effect of birefringence the orientatia (00QL),
however, is preferedin LIGO application The existing com-
mercially available crystalsalsofall shortfor the requred ho-
mogereity andabsorpion. In the last four yearsan extensive
R&D progamhasbeencarriedoutin the Shangpai Institute of
OpticsandFine MechanicqSIOM), ChineseAcadeny of Sci-
enceqCAS), Shanghi, China,in acollaboationwith theLIGO
Labomtoryto develop high quality, large sizesapphirecrystals.
In this paper we presentesultsof this R&D programanddis-
cussits future applicatiors in advanedLIGO.

Il. DEVELOPMENT OF SAPPHIRE CRYSTALS

Sapphie crystalsaregrown at SIOM by Directional Temper
atureGradien Techniqe (TGT), which wasinverted by Prof.
YongzongZhou et al. in 1978 andpatentedn 1985 This tech-
nigue usesmolybdenumcrucide, molybdenumshieldirg and
graphte heater Fig. 3 shows a photoof a TGT furnacecon-
structedin SIOM for LIGO. A molybdenun crucille is heated
by acylindrical plumbagoelement@andinsulatedoy multi-layer
molybdenumshield. The requred tempeaturegradien is ob-
tained by cutting trougheson the heatingelementsto form a
electricalrectamgularcircuit andby making holesin properdis-
tribution to adjustthe resistanceof the heatingelements.The
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sapphie grownth is condictedin vacuun filled with high pu-
rity argon. This allows purification by volatizationof impurities
with high vaporpressurelmpurities with small seyregationco-
efficient in sapplire aremigratedto the outsidesurfaceduring
solidification.

Fig.3. A photoshaving aTGT furnaceusedto grow sapphirecrystdsin SIOM.

Fig. 4. A photoshaving a sapphie boulegrown at SIOM with diamete of 11
cmandlength of 8 cm.

ThedifferencébetweertheTGT andtheHEM of CrystalSys-
temsinc. is thatthe TGT doesnot usehelium, or ary, gasas
heatexchamge medium, and provides temperatte gradent by
theresistancef the heaterandwatercoolingfor graghite elec-
trodes. Ti:Sapplire crystalsof ¢11 x 8 cmwith an orientation
of (00QL), (1120), and(1010) wereroutinely grown. Fig. 4 is
a phao shaving an as-gravn sapphireboulegrown at c-plare
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(00QL) in SIOM for LIGO. It hasa diameterof 11 cm anda
heightof 8 cm.
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Fig. 5. Longitudinal transmitance spectum is shavn asa function of wave-
lengthfor atypical as-gravn sapphiresampleat SIOM.

As-growvn Sapphirecrystalis pinkishbecageof various con-
taminatiors. Fig. 5 shavs the longitudnal transmittanceof a
typical as-grovn sample measurd by usinga Hitachi U-3210
UV/visible spectropotoneter with doubde beamand an inte-
gratingsphee. The absorptio peaksin the longtudinal trans-

mittancespectrumasshawvnin Fig.5,areattributedto Ti  and
Cr contamimtions.
TABLE |
AN EXAMPLE OF GDMS ANALYSIS FOR RAW MATERIALS
Element Japan Zhejiarg Dalian Biestefeld S.E.l
B 0.4 10 1.0 <0.05 <0.05
F 0.4 10 1.0 <0.05 <0.05
Na <1 18 16 <0.2 <0.2
Mg 11 21 7.6 0.5 0.2
Si 17 15 2.9 0.5 1.0
Ca 20 5.6 1.5 <0.05 <0.05
Ti 0.6 1.1 0.5 0.3 6.0
Cr <10 18 10 <1 <1
Fe 15 20 <10 <1 <1
Co 3.2 1.1 0.5 <0.005 <0.005
Ni 19 <5 7.5 <0.05 <0.05
Cu 1.4 1.9 0.9 <1 <1
Purity(%) 99.9897 99.9891 99.9948 99.9998 99.9988

To eliminatethe pinkish color, Glow Dischage MassSpec-
troscopy (GDMS) analysiswas carriedout in Shiva Techrolo-
giesinc, USA, to identify impuiities in raw materialsaswell as
sapphirecrystals. Tablel lists resultsof an exanple of GDMS
analysison raw materials,in eitherpowderor craguelleforms,
from severalverdors. Theresultsshav thatthe bestraw mate-

rial is from the BiesterfeldU.S. Inc., which haspurity of SN+
andwasproducedin the Czechrepublic. ThebestChineseraw
materialis producedin Dalian,which haspurity of 4N+. It also
shaws that the raw materialfrom SapphireEngireeringInc.,
which was producedin the Switzerland,hashigh Ti contani+
nation. The quality of sapphie crystalsis improved by using
raw materialof higher purity.

The GDMS analysis alsoidertified traceelementof Fe, Ni
andMo in sapphirecrystals,which areresultof contanination
during thegrowth process.Theuseof puiified raw materialthus
only solve a part of the contamiration prodem. After exten
sive R&D, a profrietary two steppostgrowth thermalannel-
ing technique wasdevelopedat SIOM. It is undestoodthatthe
origin of the pinkish color in the as-gravn sapplire crystalsis
causedyy contaninationsof Ti  from raw materialand car
bonfrom furnace which cause®xygenvacartiesandthusform
F andF centers. After annealingin O or air, sampleturns
brownish becase of strongoxidation of carba, but Ti
Ti . After annealingn H , the carba contaninationis elim-
inatedashydrocabonandTi ionsremainasTi , whichcom-
pensatexygenvacaries,thuseliminatescolor centes.

Fig. 6. A photoshaving a sapphie slice after the two stepthermalanneding
process.

This proptietarytwo steppostgrowth thermalannealingech-
niqueis effective in eliminating color centersin sapphirecrys-
tals. Fig. 6 is a phao shaving a sapphireslice aftertreatedwith
the two-stepannealing No visible coloring is obsered. The
longitudinal transmittancespectrun of two ¢11 cm sapplire
sampleg# 28 and#29)aftertreatedwith thetwo-stepannealiig
process is shawvn in Fig. 7. The transmittace of thesesam-
plesof morethan7 cm pathlengthapprachesthe theoetical
limits, indicatingvery smallresidualabsorpion. Thesetheoet-
ical limits were calculatedby using sapphirerefradive index,
taking into account multiple bousesbetweentwo end surfaces
andassuminguointernalabsorpion [5]. Becausef theslightly
birefringence the theoketical limits for ordnary (solid) andex-
traordinary (dashespolarizatios arebothshowvn in thefigure.
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Fig. 7. Transmittane of SIOM samples#28and#29is shavn asa function of
wavelength and comparel to the theoretical limit for light of ordinay and
extra ordinay polarization.

I11. APPLICATION IN LIGO

As discussedn sectionl, the advan@d LIGO detectormay
usesapphie crystalsof diameterof 35 cmandlengthof 12 cm.
Thefinal specificatiorfor the portionof crystalswithin thecen-
tral 8 cmis theabsorptio of < 10 ppm/cmandthe opticalho-
mogerity of < 5 x 1077 at 10 wpm. Fig. 8 shows a
typical display of optical homaeneitymeasurd by a ZYGO
Mark-1Il interfelometerat SIOM. Thermsdeviation of the sur
face/vavefront mapwasmeasureds0.05 at632nm,i.e. 32
nm, for sample#28 which canbe convertedto anopticalhomo-
geneityof 5 x 10~ at632nm. Thecorrespndingopticalho-
mogerity at1,064 nmwasmeasuedby LIGO tobe2 x10 7.

TABLE I
L1GO EVALUATION OF SAPPHIRE SAMPLES

Sample #7 #28 #29 CSlI ES.
IR Absorption (ppm/cm) - 35-65 - 80 2-5
Absorpton @514nm (ppm/cm) — 280-350 - 1,200 < O
Homogenéy : PV (nm) 165 107 - 177 52
rms(nm) 28 17 - 30 9
SIOM Data : PV (nm) 422 369 362 - -
rms: (nm) 48 32 52 - -
aMeasure at1,064nm.
b Measuredat 632nm.

Tablell lists a summay of evaluation for three SIOM sap-
phiresamplesandcompaedto thatof typical sapphiresamples
from Crystal Systeminc. (CSI) andtypical fusedsilica (F.S.)
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Fig. 8. Display of optical homogen#y measurd by a ZYGO Mark-IIl inter
feromeer at SIOM.

samplesusedin LIGO I. Theopticalhomayeneityof SIOM sap-
phire sampleswas measuredn both SIOM andLIGO at 632
and 1,064 nm respectiely. The opticalhomaeneityof SIOM

sapphie samplessatisfiesLIGO requirenent. The key tech-
nical difficulty is the absorpion. The bestSIOM sample#28
is abou a factorof 5 worsethanthe LIGO final specification
(< 10 ppm/cm) The sapphie crystalsof this quality may find

wide applicatimsin opticalinstrunents.For LIGO application

however, larger size andlower absorgion aretwo issuesto be

addressedn the next phaseof theR&D program.

V. SUMMARY

StartingJuly, 1997, SIOM hasbeenworking on sapphie de-
velopmentfor LIGO. Impurties in raw materialsand crystals
wereidentified A two stepaftergrowth thermal anneding tech-
nigue was developed, which is effective in eliminating color
centersn sapphie crystals. TheLIGO evaluationof SIOM sap-
phiresamplegevealsthatthesesampleshave attractive quality,
suchasoptical homageneityof < 5 x 10~7 andabsorgion of
35— 65 ppm'cm. Although the opticd honmpgendy of SIOM
sapphie samplessatisfiesthe LIGO requiement,their absorp
tion is still fall shortby afactorof 5. This R&D progam will
be contintedto develop large sizesapphirecrystalsrequred by
LIGO.
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