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Abstract

We have directly observed broadband thermal noise in silica/tantala coatings in a high-sensitivity Fabry–Perot interfe
Our result agrees well with the prediction based on indirect, ring-down measurements of coating mechanical loss, valida
that method as a tool for the development of advanced interferometric gravitational-wave detectors.
 2004 Elsevier B.V. All rights reserved.

PACS: 04.89.Nn; 07.60.Ly; 95.45.+i; 95.55.Ym
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There are numerous large-scale interferometer
jects around the world aimed at initiating gravitational-
wave astronomy, including LIGO[1], GEO [2],
VIRGO [3], TAMA [4], and ACIGA [5]. The astro-
physical reach of these detectors depends strongl
their strain sensitivity, and even modest reduction
the noise level of a detector can lead to dramatic
creases in the number of observed events per yea[6].
For this reason, it is important not only to reduce
total noise in an interferometric gravitational wave d
tector to its fundamental limits, but also to understa
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those fundamental limits and to reduce them as m
as possible.

Broadband thermal noise in both the mirror su
strates and dielectric coatings is expected to limit
sensitivity of interferometric gravity-wave detectors
their most sensitive frequency bands, in a region
is potentially of the greatest astrophysical interest[7].
Bulk thermal noise can be reduced by using mir
substrates with extremely low mechanical losses, t
the point that coating thermal noise is now expecte
be a dominant fundamental noise source in advan
detectors[8–10].

Since thermal fluctuations are related to mechan
losses via the fluctuation–dissipation theorem[11,12],
.
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the thermal noise in an interferometer can be ca
lated if one has sufficient knowledge of the various
trinsic mechanical losses in the system[8,13]. Unfor-
tunately, coating thermal noise is considerably m
difficult to model than bulk thermal noise, owing
the complex, multi-layer structure of dielectric coa
ings. Furthermore, it has been shown that the mec
ical and thermal properties of thin films in general c
differ markedly from the bulk properties of identic
materials[14].

To investigate the fundamental measurement l
its imposed by coating and bulk thermal noise,
constructed a small-scale suspended interferomet
directly measure thermal noise. We used fused-s
test masses and low-loss SiO2/Ta2O5 coatings with a
fairly large laser spot size, so the thermal noise wa
low as practical, and thus pertinent to the investiga
of thermal noise in gravitational wave detectors.

1. The instrument

Fig. 1shows a schematic of the interferometer. T
test cavities with identical lengths and finesses w
made from four identical, independent, suspen
mirrors. Three other suspended mirrors made u
mode cleaner, which provided both spatial filteri

Fig. 1. Schematic of the Thermal Noise Interferometer (TNI). All
of the mirrors in the mode cleaner and arm cavities were suspe
under vacuum. The mode cleaner provided both spatial filtering
a frequency stabilization reference. We locked the test cavitie
the resulting beam, and we recorded the data directly from the
cavities’ error signals. Common-mode rejection was implemen
by taking the real-time difference between the two data streams
and, through an active feedback system, freque
stabilization for the laser. The test cavities we
locked to the resulting filtered and stabilized beam
actuating on their output (end) mirrors. Residual la
frequency noise was partially removed by differenc
matched data streams from the two cavities.

Each suspended optic was supported by a si
loop of fine steel music wire and actuated on by me
of a magnet-coil system, with the magnets being
tached to the backs of the mirrors. Each suspen
optic was also actively damped using analog fe
back electronics. Test mirrors were made from high
purity, synthetic fused silica (Corning 7980). All o
tics were superpolished on their faces for optical p
formance and polished on their barrels to improve m
chanicalQ’s. High-reflectivity coatings were multi
layer SiO2/Ta2O5 dielectric stacks provided by Re
search Electro-Optics[15].

The test cavities were locked to the stabilized la
beam using the Pound–Drever–Hall method[16,17].
Fig. 2 shows a block diagram of the servo used
locking the arm cavities and for acquiring data. H
D represents the Pound–Drever–Hall discriminantH

the electronic transfer function of the servo filter,M

the transfer function of the actuation system, andC =
ν/L is a conversion factor between the length of
cavity L and the laser frequencyν. The equivalen
length noise of the cavities was obtained from
measured voltageδV by

δ� = 1+ DHMC

DC
δV.

Fig. 2. Block diagram of the servo used for locking each arm cav
Hereδ� is the cavity length noise, andδV is the measured voltag
fluctuations that result. Knowledge of the transfer functionsD, H ,
M , andC was used to calculateδ� from the measuredδV .



E.D. Black et al. / Physics Letters A 328 (2004) 1–5 3

se
ents.
and
Fig. 3. Displacement noise spectrum of the Thermal Noise Interferometer, along with contributions fromboth technical and fundamental noi
sources. Technical noise source curves (servo and photodetector electronic noise, laser frequency noise) are fits to independent measurem
Of the fundamental noise curves, coating thermal noise and shot noiseare fits to measurements, whereas substrate thermal noise
thermoelastic-damping noise are calculations.
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We had to know the frequency-dependent tran
functions of the blocks inFig. 2in order to convert the
measured voltage noiseδV into an equivalent length
noise δ�. The electronic transfer functionH was
specified in the design of the instrument and verifi
by direct measurements. The mirror responseM was
measured two independent ways: first, we constru
a Michelson interferometer with the suspended mir
forming the end mirror of one arm. By driving th
mirror through multiple fringes, we were able
calibrate its response. Second, we drove the P
input of the laser to introduce a known frequen
fluctuationδν into the beam through the mode clean
with the system in lock. We then measured
feedback voltageδF at frequencies well below th
unity-gain frequency, which allowed us to determ
M. We calibratedδν using a fixed-length Fabry
Perot cavity, and our measured PZT response ag
with the manufacturer’s specifications. Both metho
of calibration gave the same value forM, within
experimental uncertainties.
The Pound–Drever–Hall discriminantD was also
measured two different ways. First, we measured
slope of the error signal at the resonance point, u
the sidebands as a frequency reference, as the sy
was swept through resonance with no feedback
gaged. Second, we locked the arm cavities and m
sured the total open-loop transfer functionDHMC

using a summing junction (Σ in Fig. 2). Using known
values forH , M, and C, we then fit a theoretica
prediction ofDHMC to this measurement, withD
as an adjustable parameter. Both determination
D agreed to within experimental uncertainties. T
open-loop transfer function measurement and cali
tion were performed separately each time the inter
ometer was locked.

We performed two additional tests on the data
checking the scaling of the noise floor with las
power and with the modulation voltage applied
the resonant Pockels cell just before the test cavi
In both cases, we found that the total noise in
instrument was independent of these quantities
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frequencies where thermal noise dominates. Noise
originated before the cavities was measured at
input of the mirror actuation system (M in Fig. 2) and
is labeled “servo electronic noise” inFig. 3. This noise
was well below the total noise curve at all frequenc
Thus we verified that the noise originated in the t
cavities and not anywhere else in the control loop
measurement signal path.

2. Results

Fig. 3 shows the total displacement noise of t
interferometer, with common-mode rejection imp
mented, along with contributions from various no
sources. The theory curve (J) is the sum, in qua
ture, of the coating thermal noise in all four mirro
in the arm cavities and the measured constant
noise. The theoretical model we use takes into acco
the different Young’s modulus and Poisson’s ratio
the coating and substrate, and it admits the poss
ity that the coating mechanical loss angle might
different for strains parallel and perpendicular to
substrate-coating interface. For a coating with thick
nessd , Young’s modulusEc, and Poisson’s ratioσc ,
the thermal noise is[9]

δ�2
coat(f )

= 2kBT

π3/2f

1− σ 2

Ew0

{
1√
π

d

w0

1

EEc(1− σ 2
c )(1− σ 2)

× [
E2

c (1+ σ)2(1− 2σ)2φ‖
+ EEcσc(1+ σ)(1+ σc)(1− 2σ)(φ‖ − φ⊥)

(1)+ E2(1+ σc)
2(1− 2σc)φ⊥

]}
,

whereφ‖ and φ⊥ are the coating’s mechanical lo
angles for strains parallel and perpendicular to
substrate-coating interface, respectively. (E and σ

are the Young’s modulus and Poisson’s ratio for
substrate.)

If we assume the previously-reported value forφ‖
of 2.7 × 10−4 [18], we find that the perpendicula
loss angle is the same as the parallel loss angle
SiO2/Ta2O5 coatings. It would be premature, how
ever, to conclude that the loss is definitely isotrop
because of the large error bars imposed onφ⊥ by the
uncertainty inφ‖ and by the relatively weak depe
dence ofδ� onφ⊥.

Note that, if we assume that the coating Youn
modulus and Poisson’s ratio are the same as thos
the substrate, and that the mechanical loss of the coa
ing is the same for strains parallel and perpendic
to the substrate-coating interface, the coating therm
noise formula takes on a particularly simple form[9],

δ�2
coat(f ) ≈ 2

π3/2

kBT

f

1− σ 2

Ew0

(2)×
{

2√
π

d

w0

(
1− 2σ

1− σ

)
φ‖

}
.

Using the value for the loss angleφ‖ obtained from
the ringdown technique[18], we have an unambiguou
prediction of the coating thermal noise that we c
compare with our direct measurement. This prediction
yields a theoretical curve that is within a few perce
of the fit we performed usingEq. (1)and thus agree
well with our observed noise floor.

The parameters used in our analysis were

Substrate Young’s modulus:E 7.0× 1010 N/m2 [9]
Coating Young’s modulus: Ec 11.0× 1010 N/m2 [9]
Substrate Poisson’s ratio: σ 0.17 [19]
Coating Poisson’s ratio: σc 0.20 [20]
Coating thickness: d 4.26 µm[15]
Laser spot radius: w0 160 µm
Parallel loss angle: φ‖ (2.7± 0.7) × 10−4 [18]
Perpendicular loss angle: φ⊥ (2.7± 2.2) × 10−4 (fit)

The uncertainty inφ⊥ due to the fit is approxi
mately ten percent. However, since the noise curv
roughly three times more sensitive toφ‖ than it is to
φ⊥, the modest uncertainty inφ‖ results in a fairly
large uncertainty inφ⊥.

The parallel loss angleφ‖ reported in Ref.[18] is
for coatings made by a different manufacturer fro
the ones on our mirrors, but one of the conclusi
of that paper was that mostof the mechanical loss i
a SiO2/Ta2O5 coating is intrinsic to the tantala lay
ers. Our coatings nominally have the same chem
content and physical structure as those reporte
Ref. [18], so we assume that their results apply to
coatings.

It has been suspected for some time that the
tial estimates of LIGO’s thermal noise floor[7] were
high, because a viscous-damping model was assu
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for the loss mechanism, as opposed to the structu
damping model elaborated after the initial design st
ies [8,13,21]. Because the expected event rate sc
so strongly with the sensitivity level in a gravitation
wave detector, even a small reduction in the fun
mental noise floor can translate into a large incre
in the event rate. If, as our results indicate, the no
floor of LIGO is dominated by structural-dampin
mediated coating thermal noise with a coating l
of 2.7 × 10−4, the effective range for binary neutro
star inspiral detection of this first-generation inst
ment could be as much as 28 Mpc, almost twice
original estimate of 15 Mpc[22]. For an isotropic dis-
tribution of sources, this would mean an almost eig
fold increase in the rate of observed events.

Greater are the implications for advanced detecto
development. Currently there is a substantial effor
develop a coating that will exhibit lower levels of m
chanical noise than the SiO2/Ta2O5 coatings used in
the existing LIGO mirrors. The agreement, both qu
tative and quantitative, between the indirect, ringdo
measurements of coating loss and our direct obse
tion of coating thermal noise gives us confidence
our understanding of this noise source in a real, hi
sensitivity interferometer, allowing the prediction, a
even design, of the noise floor of an advanced dete
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