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Developmentof LargeSizeSapphireCrystalsfor
LaserInterferometerGravitational Wave
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Abstract— Becauseof its high density and superior quality factor, sap-
phir e crystal, as a candidate material for test masses,has attracted much
attention in gravitation wave communities. The use of sapphire crystal,
however, is limi ted by its size,homogeneity and absorption. An effort has
beenmadeat the ShanghaiInstitute of Optics and Fine Mechanicsin a col-
laboration with the Laser Interfer ometer Gravitational Wave Observatory
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 homogeneity of

���������
	��
and an absorpti on of 35 – 65 ppm/cm

have beenachievedat wavelengthof 1.06 
 m. This paper presentsthe TGT
growth of sapphirecrystals,their transmittancespectra, optical homogene-
ity and absorpti on. Futur e applications for gravitational wave experiments
are discussed.

Keywords— Gravitat ion Wave, Interfer ometer, Mirr or, Test Mass, Sap-
phir e,Crystal.

I . INTRODUCTION

Albert Einsteinpredicted the existenceof gravitation waves
aspartof the theoryof general relativity [1]. Whenthespace-
time curvaturevariesrapidly it shouldemanatecurvaturerip-
ples (gravitation waves) which propagatethrough universeat
thespeedof light andcarry the imprint of graviton. TheLaser
InterferometerGravitational Wave Observatory (LIGO) is de-
signedto studyastrophysicalgravitationalwavesaswell astheir
sources.Thelaserinterferometermeasureswith high precision
the time taken by controlledlaserlight traveling betweentwo
suspendedmirrors at 4 km apart.

For each power recycled Michelson interferometer with
Fabry-Perotarmcavities two pairsof mirrors (testmasses)are
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Fig. 1. A schematic showing theconfiguration of LIGO interferometer.

arranged in an L shape,as shown in Fig. 1. Any difference
of the distancesbetweentwo pairs of mirrors will direct sig-
nal light to aphoto sensor. Sincethegravitationalwavechanges
the differenceof the distancesbetweentwo pairsof mirrors it
would causevariations of the signallight on the photosensor.
Two interferometersof this kind arebeing built by LIGO. One
is nearRichland,WashingtonandtheothernearBatonRouge,
Louisiana. They will operatein unisonto rejectfalsesignal.The
overall detectionlimit of thiskindof interferometeris limitedby
its noise.Fig. 2 showsthepredictedrmsnoisespectrafor LIGO
I. While the seismicandphoton shotnoisesdominatethe fre-
quency domainsof below 70Hz andabove200Hz respectively,
thethermalnoise,causedby thermallyinducedvibrationsof the
testmassesandtheir suspensions, dominatesthefrequency do-
mainin themostsensitive region between70and200Hz.

Oneof thecritical researchareasfor theenhancementof the
LIGO detectoris to reduce the test massthermal noisein the
internalmodes, labeledas Test MassThermal in Fig. 2. Be-
causeof its excellentopticalproperties,thematurityof produc-
tion technology andgood, but not outstanding, thermal noise,
fusedsilica is usedfor test massesin initial LIGO I detector.
Singlecrystalmaterials,suchassapphire,areexpected to pro-
videagoodchanceto reducefurtherthethermal noise.Sapphire
crystal is transparentat visible andnear-infraredwavelengths.
Comparedto the fusedsilica, its higherspeedof sound, higher
densityandlower mechanical lossfactor, or higher quality fac-
tor, would give a major improvement in the thermalnoisedue
to internal modes. Low-loss sapphire crystalshave beensuc-
cessfullydevelopedassubstratesin Fabry-Perotreferencecav-
ities [2]. Sapphirecrystal is commercial available,but not in
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Fig. 2. Thermsnoiseof LIGO I from varioussourcesandcorrespondingsensi-
tive region areshown asa function of frequency.

the sizeof LIGO requirement,i.e. 35 cm in diameterand12
cm in length. There arealsosignificantissuesthat needto be
addressedfor sapphireapplication in LIGO, among which the
optical homogeneityof ������������� andabsorption of �����
ppm/cmat wavelength of 1.06 � m arethe two mostimportant
requirements[3].

Large sapphirecrystalsof ��� �!�"�#� cm are grown at a-
plane $��%� � �'& , m-plane $(�)� �*�+& or r-plane $�� �*�+�%& by theHeatEx-
changerMethod(HEM) in CrystalSystemInc.,Salem,MA [4].
To eliminatetheeffect of birefringence,theorientation (0001),
however, is preferred in LIGO application. The existing com-
mercially availablecrystalsalsofall short for the required ho-
mogeneity andabsorption. In the last four yearsan extensive
R&D programhasbeencarriedout in theShanghai Instituteof
OpticsandFineMechanics(SIOM), ChineseAcademy of Sci-
ences(CAS),Shanghai,China,in acollaborationwith theLIGO
Laboratoryto develop high quality, large sizesapphirecrystals.
In this paper, we presentresultsof this R&D programanddis-
cussits future applications in advancedLIGO.

I I . DEVELOPMENT OF SAPPHIRE CRYSTALS

Sapphire crystalsaregrown at SIOM by DirectionalTemper-
atureGradient Technique (TGT), which wasinvented by Prof.
YongzongZhou et al. in 1978 andpatentedin 1985. This tech-
nique usesmolybdenumcrucible, molybdenumshielding and
graphite heater. Fig. 3 shows a photoof a TGT furnacecon-
structedin SIOM for LIGO. A molybdenum crucible is heated
by acylindrical plumbagoelementsandinsulatedbymulti-layer
molybdenumshield. The required temperaturegradient is ob-
tainedby cutting trougheson the heatingelementsto form a
electricalrectangularcircuit andby making holesin properdis-
tribution to adjustthe resistanceof the heatingelements.The

sapphire growth is conductedin vacuum filled with high pu-
rity argon. Thisallowspurification by volatizationof impurities
with highvaporpressure. Impurities with smallsegregationco-
efficient in sapphire aremigratedto the outsidesurfaceduring
solidification.

Fig.3. A photoshowing aTGT furnaceusedto grow sapphirecrystals in SIOM.

Fig. 4. A photoshowing a sapphire boulegrown at SIOM with diameter of 11
cm andlength of 8 cm.

ThedifferencebetweentheTGTandtheHEM of CrystalSys-
temsInc. is that the TGT doesnot usehelium, or any, gasas
heatexchange medium, andprovides temperature gradient by
theresistanceof theheaterandwatercoolingfor graphite elec-
trodes.Ti:Sapphire crystalsof �,�%�-��� cm with anorientation
of (0001), $��%� �.�'& , and $(�)� �/�'& wereroutinely grown. Fig. 4 is
a photo showing an as-grown sapphireboulegrown at c-plane
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(0001) in SIOM for LIGO. It hasa diameterof 11 cm anda
heightof 8 cm.
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Fig. 5. Longitudinal transmittance spectrum is shown asa function of wave-
lengthfor a typical as-grown sapphiresampleat SIOM.

As-grown Sapphirecrystalis pinkishbecauseof various con-
taminations. Fig. 5 shows the longitudinal transmittanceof a
typical as-grown sample,measured by usinga Hitachi U-3210
UV/visible spectrophotometer with double beamand an inte-
gratingsphere. Theabsorption peaksin the longitudinal trans-
mittancespectrum, asshown in Fig.5,areattributedto Ti 132 and
Cr142 contaminations.

TABLE I

AN EXAMPLE OF GDMS ANALYSIS FOR RAW MATERIALS

Element Japan Zhejiang Dalian Biesterfeld S.E.I
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 2.1 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 Discharge MassSpec-
troscopy (GDMS) analysiswascarriedout in Shiva Technolo-
giesInc, USA, to identify impurities in raw materialsaswell as
sapphirecrystals.TableI lists resultsof anexample of GDMS
analysison raw materials,in eitherpowderor craquelleforms,
from severalvendors. Theresultsshow that thebestraw mate-

rial is from the BiesterfeldU.S. Inc., which haspurity of 5N+
andwasproducedin theCzechrepublic. ThebestChineseraw
materialis producedin Dalian,whichhaspurity of 4N+. It also
shows that the raw material from SapphireEngineering Inc.,
which wasproducedin the Switzerland,hashigh Ti contami-
nation. The quality of sapphire crystalsis improved by using
raw materialof higher purity.

TheGDMS analysis alsoidentified traceelementsof Fe,Ni
andMo in sapphirecrystals,which areresultof contamination
during thegrowth process.Theuseof purified raw materialthus
only solve a part of the contamination problem. After exten-
sive R&D, a proprietary two steppostgrowth thermalanneal-
ing techniquewasdevelopedat SIOM. It is understoodthat the
origin of the pinkish color in the as-grown sapphire crystalsis
causedby contaminationsof Ti 142 from raw materialandcar-
bonfromfurnace,whichcausesoxygenvacanciesandthusform
F andF2 centers. After annealingin O 5 or air, sampleturns
brownish because of strongoxidation of carbon, but Ti 13276
Ti 892 . After annealingin H 5 , thecarbon contaminationis elim-
inatedashydrocarbonandTi ionsremainasTi 892 , which com-
pensateoxygenvacancies,thuseliminatescolorcenters.

Fig. 6. A photoshowing a sapphire slice after the two stepthermalannealing
process.

Thisproprietarytwo steppostgrowth thermalannealingtech-
niqueis effective in eliminating color centersin sapphirecrys-
tals.Fig. 6 is a photo showing asapphiresliceaftertreatedwith
the two-stepannealing. No visible coloring is observed. The
longitudinal transmittancespectrum of two �,�'� cm sapphire
samples(# 28and#29)aftertreatedwith thetwo-stepannealing
process is shown in Fig. 7. The transmittance of thesesam-
plesof morethan7 cm pathlengthapproachesthe theoretical
limits, indicatingvery smallresidualabsorption. Thesetheoret-
ical limits werecalculatedby usingsapphirerefractive index,
taking into account multiple bousesbetweentwo endsurfaces
andassumingnointernalabsorption [5]. Becauseof theslightly
birefringence,thetheoretical limits for ordinary (solid) andex-
tra ordinary (dashes)polarizationsarebothshown in thefigure.
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Fig. 7. Transmittance of SIOM samples#28and#29is shown asa function of
wavelength andcompared to the theoretical limit for light of ordinary and
extra ordinary polarization.

I I I . APPLICATION IN LIGO

As discussedin sectionI, the advanced LIGO detectormay
usesapphire crystalsof diameterof 35cmandlengthof 12cm.
Thefinal specificationfor theportionof crystalswithin thecen-
tral 8 cm is theabsorption of �"��� ppm/cmandtheopticalho-
mogeneity of �;�<�=�)�>�>� at ?A@B�'C �'DE� m. Fig. 8 shows a
typical displayof optical homogeneitymeasured by a ZYGO
Mark-III interferometerat SIOM. Thermsdeviationof thesur-
face/wavefront mapwasmeasuredas0.05? at 632nm, i.e. 32
nm,for sample#28, whichcanbeconvertedto anopticalhomo-
geneityof FGC �H�I���>�>� at632nm. Thecorrespondingopticalho-
mogeneityat1,064 nmwasmeasuredbyLIGO tobe �JC FK�L�)�M��� .

TABLE II

L IGO EVALUATION OF SAPPHIRE SAMPLES

Sample #7 #28 #29 CSI F.S.

IR Absorption (ppm/cm) – 35–65 – 80 2–5
Absorption @514nm (ppm/cm) – 280–350 – 1,200

�ON
�
Homogeneity P : PV (nm) 165 107 – 177 52

rms(nm) 28 17 – 30 9
SIOM DataQ : PV (nm) 422 369 362 – –

rms: (nm) 48 32 52 – –

a Measured at 1,064nm.
b Measuredat 632nm.

Table II lists a summary of evaluation for threeSIOM sap-
phiresamples,andcomparedto thatof typicalsapphiresamples
from CrystalSystemInc. (CSI) andtypical fusedsilica (F.S.)

Fig. 8. Display of optical homogeneity measured by a ZYGO Mark-III inter-
ferometer at SIOM.

samplesusedin LIGO I. Theopticalhomogeneityof SIOM sap-
phire sampleswas measuredin both SIOM andLIGO at 632
and1,064 nm respectively. Theopticalhomogeneityof SIOM
sapphire samplessatisfiesLIGO requirement. The key tech-
nical difficulty is the absorption. The bestSIOM sample#28
is about a factorof 5 worsethanthe LIGO final specification
( �R��� ppm/cm). Thesapphire crystalsof this quality mayfind
wideapplicationsin opticalinstruments.For LIGO application,
however, largersizeandlower absorption aretwo issuesto be
addressedin thenext phaseof theR&D program.

IV. SUMMARY

StartingJuly, 1997, SIOM hasbeenworking on sapphire de-
velopment for LIGO. Impurities in raw materialsandcrystals
wereidentified. A two stepaftergrowth thermal annealing tech-
nique was developed, which is effective in eliminating color
centersin sapphirecrystals.TheLIGO evaluationof SIOM sap-
phiresamplesreveals thatthesesampleshave attractivequality,
suchasopticalhomogeneityof �S�O�!���T�>� andabsorption of
35 – 65 ppm/cm. Although the optical homogeneity of SIOM
sapphire samplessatisfiestheLIGO requirement,their absorp-
tion is still fall shortby a factorof 5. This R&D programwill
becontinuedto develop large sizesapphirecrystalsrequired by
LIGO.
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