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We report direct broadband measurements of thermal fluctuations in Sapphire mirrors in a high-
sensitivity Fabry-Perot interferometer. Our results agree well with the thermoelastic-damping noise

predictions of Braginsky, et al.

and Cerdonio, et al.

We use this measurement, along with a

previously-reported measurement of coating thermal noise, to predict the noise floor of an advanced
gravitational wave detector with both Sapphire and fused-silica mirrors.

PACS numbers:

MIRROR MATERIALS FOR ADVANCED
INTERFEROMETRIC GRAVITATIONAL WAVE
DETECTORS

There is currently a large, multi-national effort to con-
struct interferometric gravitational-wave detectors, in-
cluding LIGO [1], GEO [2], VIRGO [3], TAMA [4], and
ACIGA [5], and to establish the field of gravitational-
wave astronomy. As the community builds, operates, and
learns from these first-generation detectors, advanced
second-generation designs are also being explored that
will utilize new sensing techniques and mirror materials
to substantially reduce the fundamental noise floor and
hence the astrophysical reach [6]. One candidate mate-
rial for advanced mirror substrates is Sapphire, which
is expected to show significantly lower levels of ther-
mal noise than the fused-silica mirrors of first-generation
detectors [7]. However, while fused-silica is relatively
well-established as a mirror substrate material, until now
no high-sensitivity interferometer using Sapphire mirrors
had ever been constructed. In this paper we report on the
first high-sensitivity interferometer with Sapphire mir-
rors, and we report an observation of the fundamental
thermal noise floor in this interferometer, set by the Sap-
phire mirror substrates.

THEORY

It has been known for some time that thermoelastic
damping loss can contribute to thermal noise in mechan-
ical systems [8]. However, that this mechanism can con-
tribute significantly to the noise floor of an interferome-
ter with Sapphire mirrors was first pointed out by Bra-
ginsky and collegues in 1999 [9]. This noise source can
be thought of either as thermoelastic-damping mediated
thermal noise, as described by the fluctuation-dissipation
theorem, or as a coupling between intrinsic temperature
fluctuations in the bulk of the mirror and the mirror’s
thermal expansion coefficient. Either picture gives the
same result: This “Braginsky noise” will set the ulti-

mate sensitivity limit of an advanced gravitational wave
detector that uses Sapphire mirrors.

Braginsky made a quantitative prediction of this noise
source valid in the limit of high frequencies or large spot
sizes. Because our spot size is necessarily smaller than
that of LIGO’s, we must use an expression valid at all

frequencies. Cerdonio, et al. have derived this result,
and it is [10]
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In these expressions, « is the thermal expansion coeffi-
cient of the mirror substrate, ¢ is its Poisson’s ratio,
is the thermal conductivity, p is its mass density, C' is
its specific heat, and w is the (angular) measurement fre-
quency. The laser spot radius wg we use in this paper is
the usual one, where the electric field falls off to 1/e of
its maximum value.

In their original paper, Cerdonio, et al. made a math-
ematical error that resulted in an incorrect expression
for the integral J [Q2]. For these formulas, we have cor-
rected that error. Also, they, and Braginsky, used a dif-
ferent definition of the laser spot size than is customary.
Their spot size is the radius at which the intensity of the
beam, rather than the field, falls off to 1/e of its maxi-
mum value. We adopt the convention that this quantity
is designated 7, and it is related to the usual spot size
wo by 70 = wo/V/2.

THE INSTRUMENT
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FIG. 1: Schematic of the interferometer. Each of the test mass
mirrors and the mode cleaner mirrors are suspended under
vacuum. The laser is locked to the mode cleaner via a three-
path servo for frequency stabilization, and the test cavities
are independently locked to the stabilized beam. The test
cavity lengths (1 cm each) are short, to optimize the system
for measuring displacement noise, and their radii of curvature
of the test-mass mirrors are long (1 meter) to increase the
spot size as much as feasible. This is done to reduce the
displacement noise as much as possible and thus make the
measurement relevant to gravitational wave detection.

Figure 1 shows a diagram of our instrument. The inter-
ferometer has two short, independent arm cavities, made
up of four identical mirrors. In order to reduce the ther-
mal noise as much as possible, the radii of curvature of
these mirrors (1 meter) was chosen to be much larger
than the cavity length (1 cm), which gives the largest
practical spot size (160um) for an interferometer of this
size.

The arm cavity lengths were chosen small to reduce
the relative contribution of laser frequency noise, which
was also a factor in the choice of mode-cleaner length (1
meter).

All of the test-cavity mirrors and the mode cleaner
mirrors were suspended under vacuum, with magnet-and-
coil damping and actuation systems. The laser is locked
to the mode cleaner to stabilize its frequency, and the
arm cavities are locked independently to the resulting
stabilized and filtered beam. Data is collected from the
error signals of the arm cavities, which are differenced to
remove any remaining laser frequency noise. Calibration
is described in detail in a previous paper [11].

We performed two experiments with this instrument.
First, we measured displacement noise using fused-silica
test masses. In this first configuration we character-
ized a variety of noise sources and verified that what
appeared to be displacement noise really did originate
inside the test cavities. Second, we replaced the fused-
silica test masses with Sapphire mirrors of the same ge-
ometry, replacing the suspension wires at the same time
with thicker ones to keep the violin mode frequencies the

same. Any difference, then, between the first and sec-
ond noise spectra should be due only to the difference
between fused-silica and Sapphire substrates. The coat-
ings on both sets of mirrors were identical, both being
Si09/TagO5 coatings of the same thickness, made by the
same manufacturer [12].

RESULTS

Figure 2 shows a plot of the displacement noise in
the interferometer, along with theoretical plots of the
Braginsky noise, coating thermal noise (expected), shot
noise (measured), and electronic noise (measured). The
Braginsky noise prediction agrees well with the observed
noise floor of this instrument over approximately one
decade in frequency, from 400 Hz to 5 kHz. No parame-
ters were adjusted in the theory to fit the data. Table I
gives the parameters used to calculate both the Bragin-
sky noise and the coating thermal noise for our instru-
ment.

Table I: Parameters used to calculate the noise

floor of the instrument
a 5.0x10°6 [13]

Kk 33W/mK [13]

p 3.983 x 103kg/m3 [13]
C 770J/kgK [13]

o 0.23 [13]

o. 0.2 [14]

wo 160pum

E 40 x 101°N/m? [15]
E. 11.0 x 1019N/m? [15]
d 4.26pm [12)]

be 2.7 x 1074 [11]

We evaluated the coating thermal noise for these
Sapphire mirrors using the method described in Refer-
ence [15]. We demonstrated in a previous paper that
this method is valid for nominally identical coatings on
fused-silica substrates [11]. We measured the shot noise
in our photodetectors by shining a heat lamp on them.

One aspect of using Sapphire mirrors became clear
when we performed this measurement: Mechanical res-
onances in the mirrors were much less problematic than
with fused-silica mirrors. With fused-silica mirrors in our
interferometer, we needed eight notch filters in the servo
to keep the lowest-frequency mirror resonances from ring-
ing up. The same resonances in Sapphire mirrors occur
at nearly twice the frequencies of those in fused-silica
mirrors. Moreover, even though the intrinsic @’s of Sap-
phire mirrors are expected to be higher than those of
fused-silica optics, the in-situ @Q’s are largely determined
by the suspensions and are not much higher than those
of the fused-silica optics. These two effects combined to
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FIG. 2: Displacement noise in the interferometer with Sapphire mirrors. Curve “A” is the total measured noise; “B” is the
calculated Braginsky noise; “C” is the expected coating thermal noise; “D” is the measured shot noise; and “E” is the electronic
noise in the measurement, principally due to the photodetectors. Curve “F” is the sum, in quadrature, of the Braginsky noise
and the shot noise. There are no undetermined parameters in these curves. No fits to the data were performed.

remove the mirrors modes far enough away, in frequency,
from the unity-gain frequency of the servo that no notch
filters were required. Operating this interferometer with
Sapphire mirrors was much easier than with fused-silica.

CONCLUSIONS

We have constructed a high-sensitivity, Fabry-Perot
based interferometer to measure the intrinsic noise in
Sapphire mirrors. The theoretical prediction of Cerdo-
nio [10] agrees well with our observed noise floor, pro-
vided we include the necessary correction to the integral
J[9].

Based on these results, along with our previously-
reported coating thermal noise measurement [11], we may
predict the relative thermal noise levels in an advanced
interferometric gravitational wave detector, using either
fused-silica or Sapphire mirrors. Using the expected laser
spot size, power, and other parameters [13], we have cal-
culated this expected noise floor. The results, along with
the expected quantum-noise floor [13, 16], are shown in
Figure 3. We expect Sapphire mirrors to produce a sub-
stantially lower noise floor than fused-silica above 100H z,
even though the Sapphire mirrors’ thermal noise is dom-
inated by coating noise above about 200Hz. Note that
we assume silica-tantala for the coating material, which
is the current choice of material for mirror coatings in
existing gravitational wave detectors. It has been shown

that most of the mechanical loss in such a coating is
intrinsic to the tantala layers [17], and if a lower-loss
coating material could be developed, the noise floor of
an interferometer with Sapphire mirrors could be further
reduced.
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FIG. 3: Expected noise curve of an advanced-LIGO interferometer with Sapphire or fused-silica mirrors. Curve “A” shows the
expected quantum noise (radiation-pressure and shot noise); “B” gives the Braginsky noise in Sapphire mirrors; “C” and “D”
give the expected coating thermal noise and structural-damping-mediated substrate thermal noise, respectively, of Sapphire;
and “E” is the total thermal noise for Sapphire mirrors. Curve “F” shows the expected thermal noise for fused-silica mirrors,
including both coating noise and structural-damping-mediated substrate noise. For fused-silica mirrors, substrate thermal noise
is greater than coating noise. Sapphire is the better choice, in spite of Braginsky noise and the relatively high level of coating

thermal noise if we assume silica-tantala coatings.
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