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Development of low-loss sapphire mirrors | -

D. G. Blair, M. Notcutt, C. T. Taylor, E. K. Wong, C. Walsh, A. Leistner, J. Seckold,
J.-M. Mackowski, P. Ganau, C. Michel, and L. Pinard

We report on the successful development of low-loss sapphire mirrors for use at a 1-pm wavelength.
Methods for polishing and coating are described. The analysis of each process shows a roughness of
better than 0.1 nm, a coating scattering of'1 ppm, and a surface scattering of 13 ppm. The mirrors have
been characterized in a Fabry-Perot cavity, having a finesse of 100,000. Mode doublets result from the
birefringence of the coatings. © 1997 Optical Society of America :
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1. introduction

Low-loss sapphire substrate mirrors have several im-
portant applications in metrology and precision mea-
surements. Both the optical and the mechanical
properties of sapphire make it an ideal material as a
substrate for mirrors in gravitational wave detectors!
and Fabry-Perot reference cavities.?

The optical components for these experiments
should have minimal scattering and wave-front dis-
tortion for a beam transmitted through the mirror
substrate, conduct away heat deposited in the coat-
ings with as low a gradient as possible, and have
minimal amplitude of mechanical thermal excitation
that could introduce noise to a length measurement
or standard.

In transmission through the mirror substrate, sap-
phire causes 30 times less wave-front distortion from
thermal lensing than silica for a given amount of
absorbed power.? This reduces the fraction of light
not coupled into the TEMg, cavity mode. The ab-
sorption of sapphire has been shown to be as low as
bulk fused silica, ~5 ppm/cm.

Although the fractional losses expected in traveling
through the substrate are 10 times larger than those
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in the mirror coatings, the cavity beam is F/ times
higher in power (F being the finesse). The impor-
tance of these effects is determined by the interferom-
eter or cavity configuration. Considering the
relative thermal resistances of the reflective coating
and the substrate, heat conduction away from the
beam spot is through the substrate rather than the
coating material. In this case the thermal conduc-
tivity of sapphire is an advantage in the reduction of
thermal lensing in coatings.

The very high cryogenic thermal diffusivity of sap-
phire (8 X 107 m?s™ ' at 77 Kand 4 X 107> m*s™"
at 4 K) and its very low coefficient of thermal expan-
sion (@ = 5 x 1073 T® K™!, where T is the temper-
ature and the constant has units in K™*) indicates
that sapphire Fabry-Perot cavities are well suited to
the construction of ultrahigh-stability laser fre-
quency standards? with sapphire spacers at cryogenic
temperatures. '

The very low acoustic losses in sapphire and the
very high sound velocity make it a material with
intrinsically low thermal noise. This is important
for the construction of low-phase-noise optical cavi-
ties, particularly for laser interferometer gravita-
tional wave detectors and their associated mode
cleaner cavities where thermal noise is expected to
set a measurement floor in long-baseline experi-
ments.5 We note, however, that the intrinsic Ray-
leigh scattering, which increases as the fourth power
of the refractive index, is substantially higher for
sapphire than silica and has a magnitude of ~19
ppm/cm.6 This does not create thermal lensing but
leads to unavoidable losses when beams transit the
bulk material. This is relevant in recycled inter-
ferometer configurations.

For these reasons we have embarked on a program
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of development of sapphire mirror technology. In
this paper we report the first results of a collaboration
between CSIRO Division of Applied Physics, Optical
Technology Program (sapphire polishing technology),
the Institut de Physique Nucleaire (IPN), Université
Claude Bernard (substrate coating and scattering
measurements), and the University of Western Aus-
tralia (UWA), Australian International Gravitational
Research Centre (testing Fabry-Perot cavities).

Two mirrors were polished and coated, one flat, the
second with a radius of curvature of 220 mm. Thisis
a suitable combination for a Fabry-Perot cavity 150
mm long.

2. Substrate Polishing

The substrates were cut from a 30-mm-diameter sap-
phire rod manufactured by Union Carbide. The C
axis was in the plane of the mirror owing to the
crystal orientation in the rod. The material was re-
cycled from another experiment, which is the reason
for the nonoptimal axis alignment.

The sapphire substrates were polished by the float
polishing technique.” This is characterized by an
aquaplaning effect in which the substrate rides above
the lap and is hydrodynamically supported by the
high flow rate of polishing liquid onto the lap, a high
spindle velocity, and a rapid motion of the workpiece
across the lap. This technique was found to give
both an excellent surface figure and surface finish.

Our float polisher is a small ophthalmic machine
that was modified for this research through the ad-
dition of an eccentric arm drive system (to move the
substrate across the lap) and a variable speed motor
to drive the main spindle. Spindle rotation rates
were typically around 80 rpm for the sapphire-
polishing work reported here. The polishing slurry
used was colloidal silica (Ultrasol 500 s, diluted 10:1
with distilled water).

A tin lap 210 mm in diameter with a spiral groove
was used to polish the substrates. This was condi-
tioned on a flat lap. The lap was measured inter-
ferometrically to be flat to within several waves over
the central 150 mm. The surface figure of the lap
was not optimized because it was not as important in
determining the final surface figure of the sapphire as
the distribution of pressure applied to the substrate
during polishing. Polishing times ranged from less
than an hour to several hours, with interferometric
measurements being performed at the conclusion of
each run to test the surface figure. Polishing pa-
rameters such as the pressure on the substrate were
varied from run to run to optimize the surface figure.
No crystal orientations other than the one referred to
above were investigated during this research.

The surface characteristics of the bare substrates
were measured before being sent for coating. The
surface figure was measured with a digital phase-
shifting interferometer and was typically better than
A/20. An example of a surface profile and the sta-
tistics of the surface are shown in Figs. 1(a) and 1(b).
The surface roughness of the substrate was measured
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Fig. 1. Characterization of the flat substrate highly polished sur-
face: (a) interferometric measurement of the flatness of the 30-
mm-diameter substrate by a digital phase-shifting interferometer;
(b) statistics of interferometric measurement pixels. OPD, optical
path difference.

with a quantitative interference microscope and a
stylus instrument to be better than 0.1 nm rms.
These results were obtained on substrates of
30-mm diameter. Should they be reproducible on
large substrates, surfaces on substrates suitable for
laser interferometric gravitational wave detectors
could be produced with the float polishing process.

3. Coating

The technology needed to meet the low-loss require-
ments is the reactive dual ion beam sputtering sys-
tem (DIBS). This technique guarantees very low
scattering levels, 0.5-1 ppm.

A. Experimental Setup

The IPN Lyon DIBS coater is a fully automated, in-
house constructed system. The vacuum chamber is
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Fig. 2. Schematic of DIBS coating apparatus.

stainless steel with a cryopumping facility. Base
pressure ranges between 10~7 and 1072 Torr in 1 h.

A Kaufmann type or equivalent ion source is used
to sputter (1200-eV) very pure targets of high- and
low-index elements. The energetic ion beam is neu-
tralized to prevent electrical breakdown and beam
spreading. The sputtered atoms are condensed onto
the substrates located on a planetary sample holder.
The sample holder angle and target angle have been
optimized by our simulation program to increase
thickness homogeneity.

The assistance ion source that provides low-energy
oxygen ions (100 eV) is used to control the stoichiom-
etry and the density of the growing layer. A sche-
matic drawing of this system is given in Fig. 2.

A classical quarter-wave design, centered at 1064
nm with a total physical thickness of 5.72 um, is used
for the high-reflectance mirrors: (HL)*17 HLL,
which gives a theoretical residual transmission of 7

ppm. The high-index material (H) is tantalum pen-
toxide, whereas the low-index material (L) is silicon

dioxide. Both are amorphous. The layers are de-
posited on a very clean (less than 50 particles of 0.2
pwm cm? and a very smooth (0.7-A rms) sapphire
substrate.

B. Absorption Loss

To evaluate the absorption level at 1064 nm, we have
used a photothermal deflection spectrometry device.®
This system is very sensitive so that absorption levels
lower than 1 ppm can easily be detected with good
accuracy. One can do mappings to measure the sur-
face inhomogeneity by moving the mirror in its plane.
The absorption level reached for these mirrors is typ-
ically 0.5 + 0.1 ppm. Time-dependent absorption
measurements have been done (500 h at 10 kW/cm®?),
and no degradation has been observed.

C. Scattering Loss

To measure the scattering, we used a commercial
CASI scatterometer (complete angle Scan Instru-
ment) from TMA. From the bidirectional reflec-
tance distribution function (BRDF) it is possible to
determine the total internal scatter by integration
over the scattering angle. The spot size can be var-
ied from 0.5 to 3 mm as it strikes the sample in
quasi-normal incidence (from 2° to 3°).

To obtain a realistic scattering measurement, we
have done mappings of the entire sample surface so
that all the point defects on the mirror are well lo-
cated and taken into account (Fig. 3). Last, this ap-
paratus can also be used as a very sensitive
wattmeter to determine the low-loss mirror transmis-
sion loss.

M4 Scatterometer - 1.P.N.Lyon S.M.A. VILLEURBANNE FRANCE

SAPHPLN. 18R

12 :_/ AFTER NEW CLEANING
Vavelength Y mn |
= 1.8648pn o I O I R
8 RSN B —
Ref lectanc - EEEENENEEEGEEEN
€ € — i O O O O O O
R = 1.8228 - SEREEEEAREEBEERNE
41— T O 8 0 0 A s I 1 A MO ——— BRDF
fingles: Iﬁ==§ LOG
i = 5.88° & L
9s = 15.09° 8 R B X
« - 0.88° IR i SR 3.162E-46
. - EAEEEREEAREEEEERNE
Spot Dia., nm -4 o EBEERrEENENEEERN—— 1.080E-B7
- 1.000 - %-ﬂ“ﬂmﬂlllll! Sub Srale
= xEBEEEAERENSEEN
. _al REDEEENEEEEREENE
Step Size, nn 8 AEREEEEEE N
= 1.008 - TR _
—“\ / Fig. 3. Scattergram of the same
Scan Ctr., mn -120 \(\ | 1 | | | | / mirror surface after a coating,
X = 8‘888 X mn 12 3 8 6 12 which shows scatter approxi-
Y- 8608 fug = 2.B64E-85 5 = 5 .B1GEES mately corelated with surface

339

1 January 1997 / Vol. 36, No. 1 / APPLIED OPTICS




oscilloscope

L loo
i

ramp
generator

input to P2T
frequency
actuator

Pd:E
_—0——

Fabry-Perot mml M4 pbs laser
cavity

Fig. 4. Schematic of arrangement for testing sapphire mirrors:
\/4, quarter-wave plate; pbs, polarizing beam splitter; mml, mode-
matching lens; pd, photodiode. The frequency of the laser was
scanned, and the amplitude response of the reflected cavity was
beam monitored.

For the plane mirror, at 1064 nm, we reached 13 +
0.2 ppm scattering with a residual transmission of
8.7 ppm. The scattering of the curved mirror is 9
ppm over 12 mm and 14 ppm over 16 mm. The
residual transmission is close to 7 ppm. This high-
est scattering value comes from the presence of some
large point defects near the mirror center, possibly
intrinsic in the material.

4. Testing of Sapphire Mirrors in a Fabry-Perot Cavity

The mirrors were packed in a clean airtight con-
tainer. The container was stored on a laminar flow
clean bench for several days before it was carefully
opened and quickly clamped at each end of a sapphire
spacer to form a Fabry-Perot cavity. This was
mounted in a vacuum-tight copper can with one win-
dow. To minimize turbulent airflow during evacua-
tion, the can was initially pumped through a capillary
tube with a time constant of ~6 min, until a pressure
of ~1 mbar was reached. The can was permanently
sealed by crimping the copper pump-out line when
the can pressure reached ~107° mbar.

A 350-mW diode-pumped Nd:YAG (monolithic non-
planar ring) laser was used in the experimental ar-
rangement shown in Fig. 4, with ~10 mW incident on
the cavity. The laser frequency could be scanned
through about a third of the free spectral range of the
cavity (1 GHz) with a piezoelectric actuator integral
to the laser. Scanning the laser frequency to align
and test the Fabry-Perot cavity, each mode appeared
as a doublet, with the same spacing, ~80 kHz. The
finesse was different for the two members of the dou-
blet, ~100,000 and 80,000. Inour 150-mm-long cav-
ity the former gives a bandwidth of ~10 kHz.

To investigate the doublet occurrence we replaced
the birefringent sapphire input mirror with a nonbi-
refringent fused-silica Newport high-finesse mirror
(F = 30,000). This allowed us to interrogate the
cavity with the light of varying angles of linear po-
larization. With the fused silica mirror, the doublet
spacing halved (see Table 1) and a clear dependence
of mode amplitude on polarization angle could be
seen. The intensity coupled into each mode with a
varying polarization angle is shown in Fig. 5. We
conclude that the mirror coatings (SiO, and Ta,0Op)
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Table 1. Mode Doublet Splitting for Various Cavity Configurations and

Temperatures
Doublet Finesse
Splitting (Higher
Mirrors (kHz) of Two)
Two sapphire mirrors at 80 100,000
T =300 K
One sapphire, one fused 40 30,000
silica at 7' = 300 K
Two sapphire mirrors at 160 80,000
T=4K

have assumed the anisotropic properties of the sap-
phire substrate to some extent. It is thought that
the coatings have been stressed during the anisotro-
pic cooling of the sapphire substrate after the coating
deposition, causing birefringence. The degree of bi-
refringence An/n ~ 2 X 1075,

The all-sapphire Fabry-Perot cavity has been
cooled to 4 K. Splitting the two polarization modes
at this temperature is 160 kHz (see Table 1), approx-
imately double that of the room-temperature split-
ting. At 4 K the finesse is reduced by 20% from its
room-temperature value, in line with the observa-
tions of those first to look at cryogenic Fabry—Perot
cavities.” The splitting of polarization modes is not
expected if the C axis is perpendicular to the mirror
face as in our next batch of mirrors.

Two suggestions concerning the coating birefrin-
gence were put forward by the referees. The first
was that the birefringence was caused by the high
average angle of incidence of the assist beam. Ifthis
were the case, birefringence would result in all mirror
coatings regardless of substrate material, and this is
not found. The second suggestion was that the bi-
refringence was due to structure on the mirror sur-
face resulting from the different polishing action
along the two crystal axes (C and A). The mirror
surface and coating properties were measured care-
fully, and indeed a subtle structure of this type was
seen, shallow striations with a wavelength of ~500
pm. The larger cavity mode spot size is 300 um, and
this structure is not expected to have much effect
when the spatial wavelength is larger than the beam
diameter. The temperature dependence of the bire-

-50 0 50
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Fig. 5. Decpendence of the power in each mode of the doublet as a
function of the angle of injection of linear polarization.




fringence, seen from the doubling of the mode split-
ting from 300 to 4 K, supports the idea of stress
birefringence, and neither of the above effects is likely
to be temperature dependent to the same extent.

5. Conclusion

A finesse of 100,000 has been achieved in an all-
sapphire Fabry-Perot cavity. Birefringence was ob-
served in the coatings, probably because of the
anisotropy of the substrate. Thisled toa splitting of
the cavity modes by ~100 kHz. The mode splitting
could be suppressed by correct alignment of the mir-
rors. This, however, requires excellent alignment to
avoid degrading the finesse. The observed finesse is
consistent with the measured scattering in the coat-
ings because of the residual surface roughness. We
believe that improved surface roughness will be
achievable in future mirrors and that birefringence
will not be observed in mirrors polished normal to the
direction of the symmetry axis.
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