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Abstract Various noise sources limit the sensitivity of current interferometric grav-
itational wave detectors, including seismic noise, thermal noise of the optical compo-
nents and suspension elements and photon shot noise. Plans are in place for a suite of
hardware upgrades which should increase the sensitivity of these detectors by reduc-
ing the various noise sources. With these designs for 2nd generation detectors mature,
techniques for further improvement of detector sensitivity by a factor of approximately
10 are under study. A particular challenge is the reduction of the thermal noise asso-
ciated with the interferometer mirrors and their suspensions. We review the current
status of research on thermal noise in interferometric gravitational wave detectors.
Aspects of possible techniques for use in future ‘3rd generation detectors’ such as
cryogenics and diffractive optics are discussed.
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594 R. Nawrodt et al.

1 Introduction

Upcoming generations of gravitational wave detectors like Advanced Virgo [1] and
Advanced LIGO [2] are expected to have sensitivities limited by a variety of noise
sources such as seismic noise, quantum noise and thermal noise of the optical compo-
nents and their suspension elements [3]. Looking beyond these ‘Advanced’ designs, a
design goal for future ‘3rd generation’ gravitational wave interferometers is to achieve
a sensitivity approximately 10 times better than Advanced instruments over a detection
band from <10 Hz up to 10 kHz [4,5]. A conceptual design study for such a potential
3rd generation detector in Europe—the Einstein Telescope (ET)—started in spring
2008 [5]. Groups from several European countries are working towards developing a
first design of such a detector, proposing a combination of currently available tech-
niques and upcoming novel ideas, aiming at a sensitivity level of approximately that
shown in Fig. 1. This forms a significant scientific challenge.

A range of novel experimental techniques are under investigation as possible routes
towards achieving this goal, such as the use of very high laser powers (up to MW [6]),
squeezed light [7–9], the use of diffractive optics [10–13], non-Gaussian laser beam
profiles [14–16] and the use of cryogenic techniques [17]. The requirements for very
low seismically induced noise (especially gravity gradient noise) make siting a detector
underground an option of particular interest [18,19].

Simple extensions of current technologies seem unlikely to provide a suitable path
towards desired sensitivities. In some areas, technological limits start to become sig-
nificant, e.g. in achieving the necessary specifications on mirror curvatures or substrate
diameters. In addition, techniques like the use of very high laser powers impose techni-
cal constraints (such as the need to handle high heat loads on the mirrors) that conflict
with the use of other techniques, like cryogenics for reducing thermal noise (where
cooling the optics to temperature of 20 K or less is desirable). Thus, some care must
be exercised in the choice and combination of the array of techniques available for
use.

Fig. 1 Comparison of the
sensitivity curves of 1st, 2nd and
3rd generation gravitational
wave detectors [6]
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Challenges in thermal noise for 3rd generation gravitational wave detectors 595

The ‘xylophone’ concept [20,21] of dividing the frequency range into two or more
bands to be targeted by detectors of different technical design is of interest here. A
detector with a goal of good sensitivity at higher frequencies might be operated at or
close to room temperature, and be illuminated by high laser powers. A low frequency
instrument could instead support more moderate laser power but employ cryogenic
techniques to reduce the thermal noise of the optical components. The experimen-
tal implementation of such a scheme would employ additional optics but might use
common infrastructure (vacuum tubes, underground tunnels).

Particularly important is the thermal noise which is associated with the ion-beam-
sputtered dielectric mirror coatings. These coatings are applied to the optic substrates
in order to create mirrors of high-reflectivity at 1,064 nm [22–24]. Thus, a reduc-
tion of the thermal noise associated with the coatings is a research topic of high
priority.

This article summarises significant aspects of the current status of research on
thermal noise in optical components and suspension elements for gravitational wave
interferometers. An overview of the calculation techniques typically used in estimat-
ing mirror and suspension thermal noise is given, followed by a discussion of the
levels of thermal noise anticipated in advanced detector designs. Subsequently, chal-
lenges in reducing thermal noise towards the levels desired for 3rd generation detec-
tors are discussed and consideration is given to the choice of appropriate materials
for use in the optical substrates, coatings and suspensions elements of such a detector.
The thermal noise of a simplified design of 3rd generation detector is calculated and
an overview of novel ideas of how to further reduce thermal noise is presented in
Sect. 5.

2 Thermal noise of optical components

The thermal noise of the test-masses and suspension in interferometric gravitational
wave detectors arises from the thermal energy of their atoms and molecules which
have a thermal energy of kBT/2 per degree of freedom. Thermal noise is manifest
typically in two forms. The first is Brownian thermal noise [25], where thermal fluc-
tuations couple to the surface displacement of the optical component via the effects
of spatially distributed sources of mechanical friction. The second arises from the
statistical fluctuations of the temperature of a system which are caused by random
heat fluxes. These temperature fluctuations couple to the local displacement of the
surface by means of the linear expansion coefficient. In the systems considered here
this may be present as thermo-elastic noise [26,27]. In transmissive optics the temper-
ature fluctuations additionally cause local random changes in the refraction index by
means of its temperature dependence. This type of noise is called thermo-refractive
noise [28].

A consequence of the fluctuation–dissipation theorem is that any system in which
energy is dissipated must exhibit fluctuations of its measurable (energy dependent)
parameters [29,30].

In a mechanical resonant system like the one considered here the power spectral
density of a fluctuating driving force SF( f, T ) is a function of the real part of the
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596 R. Nawrodt et al.

mechanical admittance Re[Y ( f )]

SF( f, T ) = kBT

π2 f 2 Re[Y ( f )], (1)

where kB = 1.38 × 10−23 J/K is Boltzmann’s constant, T is the sample temperature
and f is frequency.

A commonly used approach in the design and analysis of suspension performance
has been to model the resonant modes of test masses and suspensions their suspensions
as damped harmonic oscillators, each of some mass m and resonant eigenfrequency f0.
Applying the fluctuation–dissipation theorem, the power spectral density of thermal
displacement noise, Sx( f, T ) associated with each mode is given by Saulson [31]

Sx( f, T ) = kBT f 2
0 φ( f )

2π3 f m[( f 2 − f 2
0 )2 + f 4

0 φ2( f )] . (2)

Hence, when choosing materials for the test masses and suspensions of gravitational
wave detectors, materials of low mechanical loss φ( f, T ), are highly desirable.

In the model referenced above, the test mass position is determined from laser
light reflection from the front of the mirror surface. The measured surface position is
determined, in part, by thermally activated displacements, and it is assumed that the
displacements from non-resonant motion do not sum coherently [32]. Several authors
developed different approaches to calculating thermal noise [33–35] which show that
the simple treatment presented above only holds if the off-resonance thermal noise
from the various resonant modes is uncorrelated. In current mirror suspensions the
distribution of the mechanical loss has been spatially inhomogeneous which leads to
correlation between noise from different modes. This situation can cause a signifi-
cant change in the predicted level of thermal noise compared to that which would be
predicted using a simple ‘modal’ approach [33,36].

2.1 Bulk thermal noise

2.1.1 Bulk Brownian noise

If the approach of [33] is applied, it can be shown that the amplitude power spectral
density Sx( f, T ) of Brownian thermal noise associated with a bulk mirror substrate
may be given by:

Sbulk
x ( f, T ) = 4kBT

π f

Umax

F2
0

× φbulk( f ). (3)

φbulk( f ) is the mechanical loss factor of the bulk material. Umax is the maximum
energy associated with deformation of the substrate occurring when a notional oscil-
latory force of peak magnitude F0 is applied to the front surface of the substrate, where
this force has a pressure distribution of the same spatial profile as the laser beam being
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Challenges in thermal noise for 3rd generation gravitational wave detectors 597

used to sense the test mass displacement. Umax can be obtained analytically in some
cases or, more generally, using finite element modeling techniques. Umax is frequency
independent if the frequency is much smaller than the first internal resonance of the
mirror. This situation is well fulfilled in the case of GW detectors.

If the laser beam diameter is much smaller than the test mass diameter the test mass
can be approximated as a semi-infinite half space. The Brownian thermal noise can
then be expressed as follows if a homogeneous loss distribution is assumed [33,34]:

Sbulk
x ( f, T ) = 2kBT

π3/2 f

1 − σ 2

wY
× φbulk( f ). (4)

σ is the Poisson ratio and Y the Young’s modulus of the sample. w is the beam radius1

of the laser used for readout in the interferometer. Equation (4) suggests a strategy
for the selection of a test mass material for low noise operation, that of using a mate-
rial with a high Young’s modulus and a low mechanical loss, preferably at cryogenic
temperatures.

Several authors have analyzed the influence of the finite shape of the test mass on
Brownian thermal noise [34,35]. Liu and Thorne calculated corrections to a semi-infi-
nite half space model that for typical test mass and laser beam sizes are at the level of
10% thus a semi-infinite half space as above is a reasonable approach for use in initial
estimates of thermal noise.

2.1.2 Bulk thermo-elastic noise

Thermoelastic noise is associated with a dissipative flow of heat in a material. Ther-
moelastic damping [37] in the context of thin flexing fibres is an important factor in
considering the design of suspension elements, and this will be discussed later [38–
40]. In 1999, Braginsky et al. [27] have pointed out that temperature fluctuations near
the laser beam spot result in random fluctuations of the mirror surface. The thermal
fluctuations are coupled to the displacement by means of the coefficient of thermal
expansion α. This thermo-elastic noise is particularly important for crystalline mate-
rials like sapphire which have a large thermal conductivity and a high coefficient of
thermal expansion.

For a semi-infinite half space the amplitude power spectral density of thermo-elastic
noise is given by Braginsky et al. [27]:

Sbulk
TE ( f, T ) = 4kBT 2α2(1 + σ)2κ√

π5ρ2C2w3 f 2
. (5)

1 Throughout this paper we use the radius definition as the distance from the center of the beam where the
intensity drops to 1/e2 from the maximum.
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ρ is the mass density of the substrate, κ the thermal conductivity and C the heat
capacity. This equation is only valid if the thermal diffusion length [41]

lth =
√

κ

ρCω
(6)

is smaller than the beam radius w (the adiabatic regime). In currently operating gravita-
tional wave detectors this assumption is fulfilled due to the small thermal conductivity
of fused silica and the relatively large laser beams used. However the assumption
breaks down for example, if materials with a very high thermal conductivity are con-
sidered, e.g. crystalline materials at low temperatures as proposed for 3rd generation
detectors [17]. If the adiabatic limit is not fulfilled the expected thermo-elastic noise
is smaller than predicted from Eq. (5).

A general treatment of thermo-elastic noise is given by Cerdonio et al. [41]:

Sbulk
TE ( f, T ) = 4√

π
α2(1 + σ)2 kBT 2w

κ
J [	], (7)

with

J [	] =
√

2

π3

∞∫

0

du

+∞∫
−∞

dv
u3e−u2/2

(u2 + v2)[(u2 + v2)2 + 	2] . (8)

	 = ω/ωc is a dimensionless parameter depending on the frequency and the thermal
properties of the sample. In the adiabatic limit (	 � 1) this leads to Eq. (5) again. The
relevance of this correction to the expected thermo-elastic noise level in 3rd generation
detectors is discussed in Sect. 4.3.

2.2 Coating thermal noise

Consideration of the spatial inhomogeneity of the mechanical loss of coated mirrors
[33,36,42] highlights the importance of the location of mechanical loss with respect
to the position of the laser beam hitting a mirror. If the approach of [33] is applied
(see Sect. 2.1.1) it can be seen that dissipation located close to the front mirror sur-
face surface (where the notional force is applied and where most of the deformation
that it generates is found) contributes more than dissipation located far away from
the front surface. This insight has considerable consequences: all the primary optical
components in gravitational wave detectors are coated with a layer formed from highly
reflective dielectric multi-layer stacks on the surface whose displacement is probed by
the sensing laser beam. Thus, the intrinsic mechanical loss of these layers will strongly
contribute to the overall thermal noise of the component making coating thermal noise
a critical issue.
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Challenges in thermal noise for 3rd generation gravitational wave detectors 599

2.2.1 Coating Brownian noise

Coating Brownian noise can be calculated using the approach of [33] (see Sect. 2.1.1).
A numerical calculation of the maximum deformation energy Umax immediately
allows the noise level to be estimated for finite-sized mirrors. In the limit of hav-
ing laser beams whose diameter is relatively small compared to the substrate diameter
(as is the case for commonly used substrate and beam dimensions in gravitational
wave interferometers) the coating is assumed to be a thin layer covering a semi-infi-
nite half-space. The Brownian thermal noise contribution of a dielectric multilayer
coating can then be expressed as [22]:

Scoat
x ( f, T ) = 2kBT

π2 f

t

w2Y

(
Y ′

Y
φ|| + Y

Y ′ φ⊥
)

. (9)

Y and Y ′ are the Young’s moduli of the substrate and the coating, respectively. φ|| is
the loss angle associated with the energy density of strains in a direction parallel to
the plane of the coating and φ⊥ is the mechanical loss for the perpendicular case. t is
the coating thickness. Equation (9) assumes that the Poisson’s ratios of the bulk and
the coating are small. A general treatment including the effect of the Poisson ratio can
be found in [22].

In the case of φ|| = φ⊥ the lowest level of Brownian thermal noise occurs if Y = Y ′.
This indicates that similar Young’s moduli of the substrate and the coating are pre-
ferred in order to obtain the lowest possible thermal noise. As discussed in [22] the
ring-down experiments used to measure mechanical loss only reveal φ||. Within this
article it is assumed that the loss is independent of the directions of stress and strain
and therefore φ|| = φ⊥ is fulfilled. Coating Brownian noise is therefore dependent
on the mechanical loss of the coating material at a given temperature and the ratio
between substrate and coating Young’s modulus.

For a multi-layer coating (as is typical for gravitational wave mirrors) two general
approaches can be applied. First, the coating is assumed to be an effective medium hav-
ing an averaged mechanical loss, Young’s modulus and Poisson ratio. The averaging
process is carried out using a weighing procedure [43]:

(X)avg =
N∑

i=1

Yi ti∑N
j=1 Y j t j

Xi . (10)

X represents the parameter to be averaged, N is the number of layers, Yi the Young’s
modulus and ti the thickness of the i th layer. The second approach is to sum all layers
of one material up and use a simplified model having less layers but the full geometri-
cal thickness of the coating. Thus, a binary dielectric layer would consist of only two
layers having the total thickness of material 1 and 2 each. Both treatments are in good
agreement to better than 5%.

A small correction factor for a finite sized test mass was calculated by Somiya and
Yamamoto [44]. This correction becomes important in the limit of large beams com-
pared to the substrate diameter. In order to keep clipping losses in the gravitational
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wave detectors small this limit will not be reached during normal operation and thus
this correction has only a very small influence on gravitational wave detectors.

2.2.2 Coating thermo-elastic noise

The thin dielectric layers of the multilayer coatings also are a source of thermo-elas-
tic thermal noise [45,46]. Fejer et al. [46] obtained the following expression for a
multilayer coating:

Scoat
TE ( f, T ) = 8kBT 2

π2 f

L

w2

α2
SCF

C2
S

(1 + σS)2
2g(ω), (11)

with the index S for substrate and F for the dielectric film. L is the thickness of the
dielectric coating. The parameter 
 is given by:


 = CS

2αSCF

(
α

1 − σ

[
1 + σ

1 + σS
+ (1 − 2σS)

Y

YS

])
avg

− 1. (12)

(. . .)avg indicates the averaging operator given by:

(X)avg = dA

dA + dB
XA + dB

dA + dB
XB. (13)

The frequency dependence can be described as:

g(ω) = I m

[
− 1√

iωτF

sinh
√

iωτF

cosh
√

iωτF + R sinh
√

iωτF

]
. (14)

with τF = L2/kF. kF is the thermal diffusivity of the multilayer. The thermal properties
are volume averaged as follows:

CF = (C)avg, (15)

kF = κF

CF
, (16)

κ−1
F = (κ−1)avg. (17)

κ is the thermal conductivity C the specific heat capacity per unit volume of the
dielectric material.

Equation (11) assumes again that the adiabatic assumption (see Sect. 2.1.2) is ful-
filled. Due to the fact that the dielectric coatings have a low thermal conductivity within
the temperature range from 5 to 300 K the adiabatic assumption is always fulfilled for
frequencies, beam and sample sizes considered in gravitational wave detectors.

It can be seen from Eqs. (11) and (12) that the thermo-elastic noise associated with
coatings depends on the properties of both the coating and the bulk substrate material.
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Challenges in thermal noise for 3rd generation gravitational wave detectors 601

2.2.3 Coating thermo-refractive noise

Statistical temperature fluctuations in the coating materials are coupled to changes in
refraction index. This leads to changes in the optical path length and thus introduces
an additional noise source—thermo-refractive noise. The thermo-refractive noise of a
coating layer was described by Braginsky et al. [28]:

Scoat
TR ( f, T ) = 2kBT 2β2

effλ
2

π3/2
√

ρCκ f w2
. (18)

βeff is the thermo-refractive factor:

βeff = β1n2
2 + β2n2

1

4(n2
1 − n2

2)
, (19)

with βi = dni/dT . ni is the refraction index of the layer i . Equation (19) assumes
that the coating thermal expansion coefficient αi can be neglected compared to βi . A
fluctuation dissipation theorem based approach was developed by Levin [47]. Evans et
al. [48] calculated the exact solution, with βi in Eq. (19) replaced by βi + αi ni . From
[48] it can be seen that thermo-refractive and thermo-elastic noise is correlated and
thus the total combined noise can be reduced if the material properties have the correct
temperature dependence. This correlation leads to an expression for ‘thermo-optic’
noise:

Scoat
TO ( f, T ) = 2

π3/2

kBT 2

√
κρC f w2

�tc(αct − β∗
c λ). (20)

�tc is the thick-coating correction factor and β∗
c the effective thermo-refractive con-

stant given in [48].2 This calculation reveals that thermo-optic noise can be reduced
if the materials are selected properly. Thus, the effect of thermo-optic noise is further
reduced and believed not to be a limitation for 2nd and possibly even 3rd generation
detectors [48].

2.3 Current status of mirror thermal noise

The properties of an Advanced LIGO or Virgo-type interferometer are now assumed
as a basis from which to review the current status of the mirror thermal noise levels
expected from a 2nd generation detector. Table 1 compiles key values needed for the
calculation of the different types of thermal noise discussed. In order to simplify the
problem a high-reflective λ/4 multilayer stack was assumed including 18 doublets of

2 The equations for �tc and β∗
c are long and therefore not repeated here again. They can be found in [48]. We

also note that thermo-refractive effects clearly also occur when light passes through the bulk of an optical
substrate, however in the interferometer topologies considered here, the use of highly reflective cavities in
the interferometer arms means that the bulk thermo-refractive noise is at a level much lower than the other
thermal noise sources discussed, where effects at the front faces of the substrates are dominant.
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Table 1 Overview of key
parameters used for thermal
noise calculation of an
Advanced LIGO like detector

Property Value References

Test mass

Material Fused silica [50]

Diameter 340 mm [50]

Thickness 200 mm [50]

Arm lengths 4 km [50]

φbulk 4 × 10−10 [51]

Optical coating

Material Ti:Ta2O5/SiO2 stacks

Number of λ/4 doublets 18

φtantala 4 × 10−4 [52]

φsilica 5 × 10−5 [43]

Laser

Wavelength 1,064 nm [50]

Beam radius w 60 mm [50]

Cavity power 800 kW [50]

Beamsplitter power 2 kW [50]

titania doped tantala and silica. Furthermore, the main contributions of thermal noise
are assumed to arise from the two end mirrors and the cavity couplers. These elements
are approximated to be similar regarding their thermal noise behavior.3 The mechan-
ical, optical and thermal properties for the calculation are summarized in a previous
report [49].

Figure 2 presents the results of a thermal noise analysis of an advanced detector.
The optical substrates and coatings are approximated by an infinite half space. The
total thermal noise of the optical components is dominated by the Brownian thermal
noise of the coating. This noise is strongly dependent on the mechanical loss of the
coating material itself (see Eq. (9)). While mechanical loss at room temperature eas-
ily reaches levels of below 10−8 for amorphous and crystalline bulk materials it is
much higher for amorphous coating materials like tantala or silica used in multi-layer
stacks. To date amorphous ion-beam-sputtered coatings are the only coatings which
have been fully demonstrated to satisfy the optical requirements for the 1st and 2nd
generation of gravitational wave detectors [50]. Considerable research into the depen-
dence of the mechanical loss on different coating properties and treatments has been
carried out over the last few years [22–24,36,43,52–59]. This suggests that tantala is
the main source of dissipation in the silica-tantala multi-layer stacks typically used
for gravitational wave detector mirror coatings, and that heat treating and doping the

3 This assumption has limitations. The cavity couplers differ from the end mirrors by the number of reflec-
tive layers and by the fact that they are transmissive optics having bulk thermo-refractive noise in addition
to the other noise sources calculated. Nevertheless, the approximation used in this article is a reasonable
approximation to the expected level of thermal noise.
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Fig. 2 Summary of total
substrate thermal noise of an
advanced detector. TE
thermo-elastic, TR
thermo-refractive
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tantala component of the coatings with titania (TiO2) can reduce the mechanical loss
at room temperature by about a factor of two. Values for the mechanical loss are
listed in Table 1 and were used for the calculations here. Complementary approaches
to reducing mechanical loss have been proposed whereby the optical properties of
a standard multi-layer stack may be achieved by using non-λ/4 layers. These opti-
mized coatings [60] can contain a significantly lower total amount of tantala, leading
to correspondingly reduced coating thermal noise.

All other identified noise sources are well below the coating Brownian noise and
are thus not expected to significantly contribute to the overall thermal noise. The total
mirror thermal noise of the simplified model used here can be seen to be a close
approximation to the typical design sensitivity of a 2nd generation gravitational wave
detector in its most sensitive frequency range.

3 Suspension thermal noise

The detection principle of gravitational wave detectors is based on the measurement
of the distance between ‘freely falling’ test masses. It is thus necessary to approximate
this situation on Earth as far as can possibly be achieved—at least for displacements of
the test masses along the laser beam direction. Thus, sophisticated suspensions have
been developed incorporating multi-stage pendulums the final stages of which support
the main detector optics. It is clear from the initial discussions on bulk materials that
these suspension structures will also contribute to the overall thermal noise of the
detector. Two main contributions of thermal noise originate in the suspension.

The first is pendulum thermal noise, where thermally induced motion associated
with the pendulum mode of the suspension directly affects the displacement of the test
mass.

The second type of thermal noise arises from the thermally induced displacements
of the suspension elements under tension—their violin modes. This type of noise can
cause a residual displacement of the test mass at the end of the pendulum chain. Again,
thermal noise arising from these modes (on and off resonant) will contribute to the
suspension thermal noise.
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There also exist other additional degrees of freedom in the suspension system which
are the origin of thermal noise. One example is the so-called vertical bounce mode of
the suspension. A wire under tension exhibits a vertical movement due to its internal
spring constant. The (off-resonance) coupling of this motion to the main optical axes
of the interferometer is small and thus will be neglected in the following treatment.

There are additional degrees of freedom in the suspension system that generate
thermal noise. Each multi-stage suspension used is approximated by the last stage of
the suspension chain. It shall therefore just consist of a wire of lengths L under tension
Mg with the substrate mass M being considered as a point mass at the end of the wire.
The upper stages of the suspension are assumed to be rigid and loss-less. The model-
ing of the thermal noise of a full multi-stage suspension can be found for example in
[31,61,62]. The influence of the upper stages to the noise performance of an advanced
detector was investigated in [63]. A direct approach for the suspension thermal noise
is given by Braginsky et al. [64], Gonzalez and Saulson [65] and Gonzalez [66].

3.1 Pendulum thermal noise

A full treatment of the total thermal noise of a test mass and its pendulum suspension
would again require the approach of [33], and the use of a full finite element model.
This is possible but requires a reasonable amount of computational modeling effort.
Instead here, the pendulum will be treated as a damped harmonic oscillator with an
effective loss factor φpend. Following the same treatment as described in Sect. 2 the
amplitude spectral density of thermal displacement noise is then given by Saulson
[31,67] and Gretarsson et al. [68]:

Spend
x ( f, T ) = kBT

2π3 f m

f 2
0 �( f, T )

( f 2 − f 2
0 )2 + f 4�2( f, T )

. (21)

f is the frequency, f0 the pendulum eigenfrequency. � is the mechanical loss describ-
ing the damping of the oscillator.

The mechanical loss � differs from the intrinsic loss of the suspension material
as only a fraction of the total pendulum energy is stored in the elastic deformation of
the suspension. The rest is stored in the gravitational field and thus is dissipation free.
For N suspension elements the relation between intrinsic suspension material losses
φ and the parameter � is given by Saulson [31]:

� =
√

Y I N

MgL2 × φ, (22)

with the suspension material’s Young’s modulus Y and g the acceleration due to grav-
ity. The cross-sectional moment of inertia I is given for a circular fibre with diameter
d as:

I = π

64
d4 (23)
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and for a rectangular cross-section having thickness t and width w:

I = 1

12
wt3. (24)

The intrinsic suspension φ material loss consists itself of three main contributions:

φ = φbulk + φTE + φsurface. (25)

The bulk loss φbulk here is the intrinsic loss of the suspension material. Depending
on the choice of the material this can be very low (e.g. 4 × 10−10 for fused silica
[51], or 5 × 10−10 as the lowest loss measured for silicon [69]). The thermo-elastic
contribution φTE is given by Zener [37]:

φTE = Yα2T

ρC
× ωτd

1 + ω2τ 2
d

. (26)

α is the coefficient of thermal expansion and τd the thermal diffusion time given as

τd = d2ρC

13.55κ
(27)

for circular fibres with a diameter of d and

τd = t2ρC

π2κ
(28)

for ribbons of thickness t .
Equation (26) does not incorporate effects arising from the tension σ0 in the sus-

pension element [70]. The surface loss φsurface can be described using [68]:

φsurface = μαs × S

V
. (29)

μ is a numerical factor depending on the type of vibration and the geometry. For a
circular fibre under transverse motion it is 2. In the case of a ribbon with a thickness
of t and a width of w the factor is given by

μ = 3 + t/w

1 + t/w
. (30)

μ = 3 is a good approximation in the case of thin ribbons.
S/V is the surface-to-volume ratio of the suspension and αs a material dependent

parameter describing the surface loss. αs has a dimension of a length and is typically
in the range of several pm (fused silica: 3–6 pm [71]).
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3.2 Thermal noise from the violin modes

The thermal noise arising from the violin modes can be determined in a similar way as
the pendulum mode. Saulson calculated the thermal noise contribution from a flexible
string under tension Mg [31]:

Sviolin
x ( f, T ) = kBT

2π3

∞∑
n=1

�2
n (L)φn( f, T ) f 2

n

f [( f 2
n − f 2)2 + φ2

n( f ) f 4
n ] , (31)

with

�2
n (L) = ρd2 L

2π M2

1

n2 . (32)

Again the loss φn for each single mode consists of different contributions (bulk,
thermo-elastic, surface) as described by Eq. (25). The resonant frequencies of the nth
violin mode can be obtained from:

fn =
√

Mg

πρd2 L2 × n. (33)

3.3 Current status of the suspension thermal noise

Fused silica is the choice not only for the test mass substrates for 2nd generation
detectors but also for their suspension elements. A quasi-monolithic fused silica sus-
pension can be formed using fused silica fibres as suspension elements [72] and using
hydroxide bonding [73] to joint attachments to the sides of the test masses to which
the fibres can then be welded [74]. A monolithic suspension is preferred due to the
ability of avoiding excess losses from the contact points of different materials. This
approach has been successfully implemented in the suspensions of the GEO600 detec-
tor [75,76], and is planned for use in 2nd generation gravitational wave detectors (see,
e.g. [40,72,74,77,78]).

Figure 3 summarizes the mechanical loss, arising from various sources, of a typical
suspension element for an advanced detector. Due to the material properties of fused
silica it has a thermo-elastic loss peak at around 10 Hz if the simple form of thermo-
elastic damping of the form given in Eq. (26) is considered. This loss peak occurs
in a frequency region where suspension thermal noise is a significant contribution to
the overall thermal noise of the detector. A detailed analysis revealed that in the case
of fibres under strong tension the linear coefficient of thermal expansion should be
replaced by an effective coefficient [70]:

αeff −→ α − β
σ0

Y
(34)

with the normalised temperature dependence of the Young’s modulus β = 1/Y (dY/

dT ). If α and β have the same sign (which is the case for fused silica) cancellation
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Fig. 3 Total mechanical loss of
an advanced detector fused silica
unloaded fibre with a diameter
of 0.6 mm
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of the thermo-elastic contribution is possible for an appropriately tensioned fibre. For
fused silica at room temperature, the necessary tension, σ0, is around 200 MPa. Then
the loss of the suspension element is dominated by surface loss and the thermo-elastic
loss peak at low frequencies effectively vanishes (see Fig. 3).

From the discussion of surface loss in the last section, it can be seen that ribbons
display a higher surface loss than fibres having the same cross sectional area [68].
Thus, when appropriately tensioned, cylindrical fibres represent an attractive choice
of suspension element geometry for use in the mirror suspensions of 2nd generation
detectors [40]. Additionally, this choice is supported by a better dissipation dilution
and lower weld losses [74].

Combining the sources of noise discussed above allows an estimate of the overall
suspension thermal noise to be made, as shown in Fig. 4. It can be seen that this is very
close to the required design sensitivity of an advanced gravitational wave detector.
The additional noise sources which have been neglected in this treatment (like the
multi-stage pendulum, additional degrees of freedom, etc.) need to be added to the
estimated curve and thus bring it closer to the design sensitivity.
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4 Challenges in thermal noise for a 3rd generation detector

3rd generation gravitational wave detectors should ideally have sensitivities of a fac-
tor of 10 better than that of Advanced instruments across a broad portion of the
detection frequency range (see Fig. 1). As discussed earlier it is clear that advanced
gravitational wave detectors will operate close to the limits of what is currently tech-
nically practical. In particular dealing with even higher stored laser powers presents
a particular challenge to be overcome if sensitivities are to be further increased. In
the high frequency region a gravitational wave detector is limited by photon shot
noise [7]. A basic approach to reducing the effects of this noise is to increase the
power in the arm cavities of the detector with estimates suggesting that powers
up to 3 MW [6]—or even higher depending on the design—might be necessary.
Residual absorption in a detector optic will generate thermal variations that dis-
tort the optic. Already at the scale of 1st and 2nd generation detectors the prob-
lem of thermal lensing [79,80] has been found to be significant for the stability of
the interferometer. For example, the radial refraction index gradient induced when
a Gaussian beam passes through an optic forms a lens which then in turn affects
the laser beam propagation. Techniques exist to mitigate such effects, e.g. in 2nd
generation detectors this can to some extent be compensated by the use of a suit-
ably placed ring heater [81,82] or a CO2 laser to locally heat the substrate (see, e.g.
[83,84]).

However, it is not clear that current mitigation techniques will be scalable beyond
their application in advanced detectors. Thus, the design of a 3rd generation detec-
tor is likely to need to incorporate new approaches to overcome the limitations by
the currently dominating noise sources and technical limits. These include reconsid-
eration of the optical layout of the detector, the operating temperature, the material
selection for the test mass material and the coatings, and the investigation of alterna-
tive laser wavelengths if the detector needs to be operated at cryogenic temperatures
[85].

4.1 A naive approach

It is instructive to estimate the parameters of potential 3rd generation detector based
exclusively on techniques used for advanced detectors. As can be seen from the
equations given earlier describing the various relevant types of thermal noise, their
contribution to the overall thermal noise is a function of the laser beam radius w.
We can ask what size of beam would be necessary to reduce the total mirror ther-
mal noise below the desired sensitivity curve for the ET. Assuming the model of an
advanced detector with the parameters shown in Table 1 the necessary beam radius
w (based on a Gaussian profile) to achieve the ET sensitivity presented in Fig. 1
would be 1.2 m. Assuming the same ratios between laser beam, substrate diameter
and thickness as for Advanced instruments, this would lead to a total substrate mass of
320 tons per optical component. This appears an unrealistic size even before consid-
eration of technical issues such as the practicalities of coating or suspending the mass.
Again this suggests alternative approaches rather than direct extrapolations of 2nd
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generation detector technologies are needed when going from a 2nd to a 3rd genera-
tion detector.

A significant reduction of the effects of thermal (and other) displacement noise
associated with the optical components could be obtained from an extension of the
interferometer arm lengths, with lengths of 10 km having been postulated as a goal
[5,6]. This would reduce the mass needed from a thermal noise point of view to
around 16 tons. Nevertheless, this still appears impractically high, and requires addi-
tional approaches to be implemented to reduce the mass required to a more practical
level. These approaches will cover the discussion of using other materials, a different
operational temperature and changes in the optical layout and the beam profile (e.g.
change to higher order modes).

4.2 Material selection process for 3rd generation detectors

The selection of a candidate material for gravitational wave detectors is driven by a
number of scientific and technical issues. Firstly, the material must have suitable opti-
cal properties (transmission, scattering, etc.). The thermal conductivity of the material
then needs to be high enough to minimise the effects of the residual laser power
absorbed at the surface (or in the bulk) of a mirror substrate. The material needs
to be compatible with any coatings needed for the optical function of the compo-
nent - as was discussed earlier both the Brownian and thermo-elastic noise of the
coatings depend on substrate properties. Suitable technologies must be available for
machining, polishing and coating of the material, which must be available in suf-
ficiently large and homogeneous pieces. Recent estimates based on the calculation
presented above suggest that mirror sizes of up to 60 cm in diameter and 40 cm in
thickness might be needed [6,86]. From these points of view several materials have
been considered as candidate test mass materials for future gravitational wave detec-
tors. For operation in transmission at a laser wavelength of 1,064 nm (which is the
wavelength of laser used in all current gravitational wave detectors) the properties of
fused silica, sapphire or calcium fluoride have been investigated [87–89]. Addition-
ally, silicon has been proposed to have excellent properties if higher wavelengths of
around 1,550 nm are used or if a non-transmissive interferometer topology is employed
[17,79,89].

Silicon and sapphire for example show a 20–100 times higher thermal conductivity
at room temperature than fused silica [49], making them capable of supporting higher
laser powers before intolerable thermally induced mirror distortions occur. In contrast,
these materials have a linear coefficient of thermal expansion which is around 10 times
higher than silica and thus show a higher level of thermo-elastic noise at room temper-
ature (see Fig. 6a), where this thermo-elastic noise then dominates the overall noise
in the lower end of the operating frequency range. Thus, it is unlikely that a detector
under these conditions will reach the sensitivity goal for a 3rd generation detector.
However if the test mass is cooled, it’s thermal properties can be very different from
room temperature values, making cryogenic operation of a 3rd generation detector an
option of considerable interest for study.
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Fig. 5 Comparison of the bulk Brownian noise for different materials. The bulk material is approximated
as a semi-infinite space for simplification reasons. The beam radius was assumed to be 90 mm and the arm
length of the detector 10 km. 18 K as the cryogenic reference temperature was chosen due to the vanishing
thermo-elastic contribution of silicon at this temperature (see Fig. 6)

4.2.1 Fused silica

Currently, all gravitational wave detectors operating at room temperature use fused
silica as the optical substrate material due to a combination of excellent optical, ther-
mal and mechanical properties. The optical absorption is lower than 0.4 ppm/cm at
1,064 nm [90]. The extremely low coefficient of thermal expansion at room tempera-
ture of around 5 × 10−7 K−1 [91] results in a very low thermo-elastic thermal noise
(see Fig. 6a). Fused silica has been shown to have a low mechanical loss at room tem-
perature with extensive studies having been carried to on the influence of the surface
quality, and type of material on the mechanical loss [51,71,76,77,92–94]. As men-
tioned earlier the measured mechanical loss of a sample can be considered to have
components associated with both the surface and bulk of a samples with the intrinsic
bulk loss potentially being as low as 4 × 10−10 at 100 Hz [51].

However investigation of the acoustic absorption of amorphous silica at low tem-
peratures [95–100] reveals an issue that makes fused silica unsuited for cryogenic use
(see Fig. 5b). Studies show that a large broad mechanical loss peak exists, centered
around 40 K, associated with a double well potential associated with the Si–O–Si
bonds in the amorphous structure [97,101]. This limits the mechanical loss in this
region to the order of 10−3 [98].

4.2.2 Calcium fluoride

Calcium fluoride has been considered as a potential material for use in cryogenic
gravitational wave detectors [102–105] due to its availability for commercial use in
the optics industry. It is crystalline and thus should not show a broad mechanical loss
peak at low temperatures like fused silica. The optical absorption of calcium fluoride
is low especially in the UV range making it an ideal material for photolithography
(see, e.g. [106]).
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Fig. 6 Comparison of the bulk thermo-elastic noise for different materials. The bulk material is approxi-
mated as a semi-infinite space for simplification reasons. The beam radius was assumed to be 90 mm and
the arm length of the detector 10 km. Near 18 K silicon has a linear thermal expansion coefficient of zero
and therefore it is theoretically possible to cancel thermo-elastic noise. Even if the temperature is not set
exactly the thermo-elastic noise contribution is very small

Studies of calcium fluoride suggest it has a higher mechanical loss [105,107,108]
than sapphire or silicon. Furthermore, the high thermal expansion coefficient results
in a relatively high level of thermo-elastic noise (see Fig. 6) and makes the material
very sensitive to thermal shocks.

4.2.3 Sapphire

Sapphire has a hexagonal crystal structure making it anisotropic in several mechanical,
thermal and optical properties. Sapphire can have excellent transmission at 1064 nm
and a low dn/dT [49]. It’s high Young’s modulus of about 400 GPa [28] and high ther-
mal conductivity of up to 40 W/m×K [28] make it a promising candidate material for
a substrate material capable of tolerating exposure to high laser powers. Use at room
temperature is limited due to it’s thermal expansion coefficient of 5.1 × 10−6 K−1

[28] and thus a higher thermo-elastic noise level than would be obtained with, e.g.
fused silica (see Fig. 6). Properties of sapphire as a cryogenic substrate material have
been studied by several groups [87,109–111] suggesting that sapphire has a very low
mechanical loss. At cryogenic temperatures it reaches 2 × 10−10 [87]. Furthermore,
the use of suspension elements made from monocrystalline sapphire fibres has been
studied [112,113].

4.2.4 Silicon

Silicon presents another interesting candidate substrate material for cryogenic use
[17,79]. At room temperature silicon has a relatively large thermal expansion coef-
ficient and thus shows a high level of thermo-elastic noise compared to fused silica
(see Fig. 6). The temperature dependence of the linear thermal expansion coefficient
exhibits two temperatures (around 18 and 125 K) where this coefficient is zero [114].
This makes silicon interesting because thermo-elastic effects will be nulled (see Eq. (5)
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and (26)). In addition the cancellation of thermo-elastic effects in suspension elements
(see Eq. (34)) under tension is a possibility here. In silicon the temperature depen-
dence β of Young’s modulus has a negative sign as temperature is reduced below room
temperature. Thus, only in temperature regions where α is also negative (between 18
and 125 K for silicon) is it possible to cancel the thermo-elastic noise of suspension
elements by loading them with an appropriate tension.

Silicon has a high thermal conductivity at low temperatures showing a peak at
around 20 K [114]. Young’s modulus is significantly higher than for fused silica and
dependents on the crystal orientation. The [111] direction shows the highest Young’s
modulus of 188 GPa [115] among all other orientations.

The mechanical loss of silicon bulk samples was studied in the late 1970s [69]
with very low mechanical loss found at temperatures below 10 K. At around 20 K a
loss peak was observed which was postulated to be associated with sample impurities
(oxygen, doping concentration, etc.). In later experiments this mechanical loss peak
was not observed due possibly to an improvement in the silicon purification, however
the range of factors influencing the temperature dependent mechanical loss of sili-
con are not wholly understood and studies of this are ongoing (see, e.g. [116–118]),
including the effects of doping.

Silicon is available in relatively large pieces, up to 500 kg driven by the requirements
of the semiconductor industry. Additionally, sophisticated silicon (micro) machining
and polishing technology exists, makes silicon interesting for the application novel
approaches like the use of gratings or other all-reflective elements as described briefly
in Sect. 5. A variety of techniques exist for bonding silicon, e.g. direct bonding [119] or
silicate bonding of oxidized samples [120] allowing for the possibility of constructing
quasi-monolithic silicon suspensions.

Nevertheless, if silicon is used for transmissive optics (beam splitters, cavity cou-
plers) the wavelength of laser used to illuminate such optics needs to be shifted towards
larger wavelengths due to the absorptive properties of silicon. Nd:YAG laser light
at 1,064 nm is close to the fundamental absorption of silicon due to its band gap
of 1.1 eV [114]. A promising laser technology based on Er:YAG or Er-fibre lasers
at around 1,550 nm is under strong development [121] and could enable low opti-
cal absorption <1 ppm/cm [121]. Furthermore, even if all-reflective topologies are
used a shift to a higher operating wavelength could have advantages. Each optical
layer has a reflectivity of <100%. The remaining laser light is scattered or trans-
mitted. The transmitted part will be absorbed by the substrate if this is not trans-
parent. Using 1,550 nm would mean that even the small amount of transmitted light
from the optical coatings would be transmitted and thus would not cause heating in
the elements. If a stored beam power of up to 3 MW within the cavity is used this
will be a significant improvement and ease the design of cooling techniques needed
[62].

On the other hand if the wavelength used is increased the thickness of the lay-
ers required in optical coating layers must also be increased. This leads to increased
Brownian coating noise. Thus, very low noise coatings are needed in order to avoid
negating the advantages of silicon at 1,550 nm. Alternative approaches to creating
highly reflective surfaces by using monolithic optics based on microstructured sur-
faces are currently under development [122] and investigation (see Sect. 5).

123



Challenges in thermal noise for 3rd generation gravitational wave detectors 613

10
0

10
1

10
2

10
3

10
410

−28

10
−26

10
−24

10
−22

10
−20

frequency [Hz]

th
er

m
oe

la
st

ic
 n

oi
se

 [1
/√

H
z] on fused silica

on calcium fluoride
on sapphire
on silicon
ET design

10
0

10
1

10
2

10
3

10
410

−28

10
−26

10
−24

10
−22

10
−20

frequency [Hz]

th
er

m
oe

la
st

ic
 n

oi
se

 [1
/ √

H
z]

on fused silica
on calcium fluoride
on sapphire
on silicon
ET design

(a) (b)

Fig. 7 Comparison of the contribution of the coating thermo-elastic noise of a tantala/silica multilayer
(18 doublets) on different materials. The beam radius was assumed to be 90 mm and the arm length of the
detector 10 km

4.2.5 Coating materials

As discussed earlier coating thermal noise is expected to dominate the total thermal
noise of the main optical components in gravitational wave detectors (see Sect. 2.3).
Thus, it will be one of the most critical issues in designing 3rd generation optics.
Investigations of typical silica-tantala coating properties at cryogenic temperatures
have been carried out [58,59] revealing a loss peak at around 18 K for tantala. This
loss peak may in part negate the gains in reducing coating Brownian noise by going
to cryogenic temperatures, however an improvement of about a factor of two is still
found when the effects of the increased mechanical loss towards 18 K are included.
Results from the Japanese groups obtained from multilayer coatings have not shown
these loss peaks at cryogenic temperatures at all [53]. Currently, several groups are
investigating the temperature dependence of the mechanical loss in order to under-
stand these results. So far the heat treatment needed in order to achieve the opti-
cal requirements seems to have an influence on the mechanical loss and might be
the reason why loss peaks occur. Detailed experimental investigations are under-
way.

Figure 7 shows the level of coating thermo-elastic noise expected for different
multi-layer-bulk material combinations. The multilayer stack is assumed to be an 18
doublet stack of λ/4 layers of tantala and silica at 1,064 nm. The lowest contribution
at room temperature as well as at cryogenic temperatures arises from the combination
multi-layer-silicon. Silicon is compatible with the current coating techniques and thus
would be a suitable bulk material from the coating point of view.

While tantala and silica have been studied extensively at low temperatures other
coating materials have not been investigated in such detail to date. A summary of the
thermal, mechanical and optical properties of current coating materials can be found
in [49]. Nevertheless, all other coating materials showed a higher mechanical loss
making them less attractive for a 3rd generation detector.
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4.3 Thermal noise of a 3rd generation detector based on current technologies

In order to estimate the thermal noise of a 3rd generation detector, a simplified model
similar to that used for 2nd generation detectors is used here as a first approach (see
Sects. 2.3 and 3.3). The main thermal noise contributions are again assumed to arise
from the end mirrors and the cavity couplers. An arm length of 10 km and a circulating
laser power of 3 MW is used [6]. The optical components are assumed to be identical
for simplicity having 18 doublets of λ/4 layers of titania doped tantala and silica.

We will focus from that stage onwards on the optimisation of a single detector
operating at cryogenic temperatures as a first approach for a 3rd generation detec-
tor. However, this is clearly not the only possible approach. It shall rather be used to
demonstrate the capabilities and limits of this approach.

First the thermal noise of the mirror was estimated. Si(111) is chosen as the test
mass material due to its high Young’s modulus. In order to reduce the different thermal
noise contributions an increase in laser beam radius is desirable, requiring an increase
in substrate diameter in order to keep beam clipping losses as small as possible. For
Advanced LIGO a substrate-to-beam diameter ratio of 2.8 was chosen (see Table 1).
If the laser beam radius w is increased moderately from 60 mm up to say 90 mm for a
3rd generation detector this would lead to a substrate diameter of 510 mm. This seems
to be a not unreasonable size assuming continuing commercial development of the
silicon single crystal market. The semiconductor industry is currently investigating
the possibility of using 20 in. (508 mm) diameter wafers thus making silicon available
of this diameter when a 3rd generation detector might be built. Of course, a further
increase of the laser beam diameter would further reduce thermal noise but it seems
unlikely currently that samples with the required purity would be available in the near
future. Thus, the following estimates are based on a 90 mm beam radius and a 510 mm
diameter silicon substrate. Keeping the same aspect ratio as for Advanced LIGO would
lead to a substrate thickness of about 300 mm.

With the use of high laser powers comes noise due to radiation pressure, as pho-
tons are reflected from the interferometer mirrors (see, e.g. [67]). To keep this noise
below the levels desired for ET a minimum mass was estimated by Hild et al. [6] to be
around 120–150 kg. For a 510 mm diameter substrate this coincides with the thickness
of about 300 mm which was determined above for a constant aspect ratio. This test
mass geometry seems to be plausible and is realistic to assume being available within
the next years.

Figure 8 shows the noise contributions discussed in Sect. 2 based on literature val-
ues for the mechanical and thermal properties of silicon. A detailed description of this
calculation can be found in [49,86].

At 300 K the detector built with silicon substrates would not reach the required ET
design sensitivity. The total noise is almost totally dominated by the thermo-elastic
noise of the bulk material itself. At 18 K the thermo-elastic noise of the silicon bulk
material disappears due to the vanishing coefficient of thermal expansion. The total
noise is reduced significantly due to the reduced temperature but mainly due to a large
change in material properties (see [49]). The total noise is below the desired ET sen-
sitivity curve apart from frequencies between 40 and 80 Hz. Here, the total thermal
noise is limited due to coating Brownian noise caused by the increasing mechanical
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Fig. 8 Thermal noise contribution for a potential 3rd generation mirror made of Si(111). Beam radius
w = 90 mm arm length 10 km. TE thermo-elastic, TR thermo-refractive
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Fig. 9 Suspension thermal noise for four 680µm Si(100) fibres and a substrate mass of 150 kg

loss of the coating materials at cryogenic temperatures. Around 18 K the mechanical
loss of tantala is limited to about 8 × 10−4 [58,59]. This reveals that for a realistic
design of a 3rd generation detector based on our current technological and scientific
knowledge the coatings need to be further improved. A factor of 2 in reduction of the
mechanical loss at cryogenic temperatures of silica or tantala would be sufficient to
reduce the total thermal noise below the ET sensitivity curve.

The next step is the calculation of suspension thermal noise. Research in this area is
still in its initial phase and thus only a simple estimate using a single-stage pendulum
is given. Si(100) was assumed to be the suspension material. The Si(100) orienta-
tion shows the lowest possible Young’s modulus among all other orientations [115]
and thus the lowest suspension thermal noise (see Eqs. (22) and (26)). The pendu-
lum length of the last stage is chosen to be 1 m as a starting point based on plausible
fabrication techniques [123]. Silicon shows a breaking strength of about 0.2–7 GPa
[124]. Assuming a tension per fibre of about 1 GPa would result in a fibre diameter of
680 µm assuming four identical suspension elements (see. Fig. 9).
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Fig. 10 Estimated total thermal
noise of a potential 3rd
generation detector
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At room temperature the suspension element is dominated by thermo-elastic noise
due to the large linear thermal expansion coefficient. As mentioned earlier compensa-
tion of suspension thermo-elastic noise at room temperature is not possible in silicon
due to the opposite signs of α and β.4 The level of noise exceeds the limits for ET.
However cooling to about 18 K removes the thermo-elastic contribution to the overall
mechanical loss of the fibre and thus results in a suspension thermal noise which is
lower than the goal for a 3rd generation detector.

Figure 10 summarizes the total thermal noise of the simplified 3rd generation detec-
tor. The current model does not yet include additional possible noise sources like any
losses associated with jointing the suspension elements to the test masses. Further-
more, the suspension system considered is a very simplified model, nevertheless, the
noise estimates obtained are encouraging.

5 Possible techniques to further reduce thermal noise

So far our estimates suggest that the desired sensitivity for ET may be reached from
a thermal noise point of view. However since our model of the test masses and the
suspension is still not complete enough to account for all noise sources it is preferable
to start with a concept that further reduce the effect of thermal noise on the sensitivity
of the detector, allowing more flexibility during the design phase of such a detector.

Given the high laser powers considered it would be desirable to avoid transmissive
optics completely if possible. During recent years there have been proposals for inter-
ferometers based exclusively on reflective components [10,13]. Beam splitters and
cavity couplers can be replaced by sophisticated grating optics allowing good optical
performance [12]. This may possibly lead to components having lower optical absorp-
tion and no thermal lensing. Nevertheless, these components still rely on the use of
reflective dielectric multilayer stacks having some residual absorption and will suffer
from coating thermal noise. Furthermore, it has been shown that grating optics of this

4 The sign of the parameter β can be obtained from the temperature dependence of the resonant frequency
of silicon oscillators.
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type need stabilization of their lateral motion in order not to introduce additional phase
noise [125].

Another promising approach is to investigate the dependence of the read-out noise
on the shape of the laser beam. So far, all results presented in this article rely on the use
of Gaussian laser beam having a beam radius of w. Changing to other beam shapes like
Mesa beams [126] or higher order Laguerre–Gaussian modes [14] may be possible.
This leads to a more homogeneous illumination of the mirror surface and thus a better
averaging of thermal noise. The use of these exotic beams in gravitational wave detec-
tors is still under development, with the propagation of these beams and the impact
on thermal noise being investigated [60,127]. The generation of these types of laser
modes with high laser powers is a technical issue which also needs to be investigated
[128–131].

A third technique tackles the main thermal noise source—the Brownian coating
noise. Several possibilities have been proposed to reduce the thickness of the dielec-
tric coating material [60]. This would immediately impact Brownian thermal noise
(see Eq. (9)). Another recent proposal is to use resonant waveguide mirrors. Here,
reflection is produced by coupling the light to a waveguide by means of a grating
structure [132]. If designed properly high reflectivity can be achieved using only one
dielectric layer with a thickness of about 400 nm. Compared to the total thickness of
several µm of a current multilayer stack this should lead to a decreased level of coating
Brownian noise.

In a recent step the idea of a resonant waveguide led to a monolithic waveguide
structure made purely from silicon [122]. The idea is to form the resonant waveguide
(which needs to have a lower refraction index than the adjoining layers for propagation
purposes) by means of an effective media. This mirror may have a very low mechanical
loss and thus small thermal noise. However due to the etched surfaces needed for the
effective medium it is very likely to have an increased level of surface loss for these
components, and studies of this are underway. An additional advantage of these silicon
structures could be a decreased level of optical absorption if the longer wavelengths
whose usage was discussed above are employed. Up to now these resonant waveguide
mirrors (both dielectric and monolithic) have been developed to potentially replace
cavity coupler or end mirrors, however the construction of a beam splitter based on
these novel techniques has not yet been achieved and is a subject requiring further
study.

We note that all optical components based on gratings need to be fabricated with
very high accuracy on the large surface areas needed for a 3rd generation detector,
since although the reduced level of thermal noise expected from use of these gratings
would allow a reduction in the diameter of the test mass it is unlikely to reduce the
diameter below 25 cm. Up to now the gratings of this type have been fabricated on
thin wafers and produce these micro- and nanostructures on 150 kg test masses directly
seems currently impractical. Thus, a technique to allow thin microstructured substrates
to be bonded to large size test masses would be required, and any mechanical losses
introduced by this bonding would need to be investigated. Additional investigations of
light scattering of these structures is needed. Light scattering is already a serious issue
in 1st and 2nd generation detectors and will clearly be important for 3rd generation
detectors as well.
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6 Conclusions

We have summarised the current state of the art of thermal noise treatment in gravita-
tional wave detectors. Starting from a baseline of the materials and techniques used for
2nd generation detectors we discussed several possible options for further improving
thermal noise. The aim of an increased over all sensitivity by a factor of 10 by going
towards the 3rd generation detectors is a challenging scientific and engineering work.
Thermal noise will be a serious obstacle because the technology used for 2nd gen-
eration detectors seems to have reached its limit. Thus, a change in the material and
operational regime needs to be done. We have summarised the selection of potential
bulk, coating and suspension materials. In general, the use of silicon as an optical
material at cryogenic temperatures around 20 K seems to be promising due to the
excellent properties and the foreseeable availability in large enough ingots. Further
R&D is needed in order to obtain the desired total performance of a 3rd generation
detectors. For example, the techniques for a further reduction of coating Brownian
noise or the fabrication of monolithic suspension elements made of silicon need to be
investigated and will stimulate the research within this field for the next several years.

In this paper we have presented strong evidence that, with focused R&D over the
next several years, the estimated thermal noise for a 3rd generation detector should be
able to meet the design sensitivity requirements.
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