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ET: A Third Generation Observatory

1.1 Introduction to the third generation of GW
observatories
As described in the previous chapters and according to the current
models of GW sources, the advanced interferometric GW detectors (or
“second” generation of GW interferometers, like “Advanced LIGO” and
“Advanced Virgo”) promise the detection of the GW in the ﬁrst year
of operation close to the target sensitivity. For example, at the nominal
sensitivity of these apparatuses, a few tens of detected coalescing neutron stars events are expected per year. But, apart from extremely rare
events, the expected signal–to–noise ratio (SNR) of these events, in the
advanced detectors, is too low for precise astronomical studies of the
GW sources and for complementing optical and X–ray observations in
the study of fundamental systems and processes in the Universe.
These evaluations and the need of observational precision GW astronomy, led the GW community to start a long investigation process about
the future evolution of the advanced detectors to a new (“third”) generation of apparatuses (Punturo et al., 2009), with a considerably improved
sensitivity. To realize this third generation of GW observatories, having
a target of roughly a factor of ten improvement in sensitivity, in a wide
frequency range, with respect to the advanced detectors, several limitations of the technologies prepared for the second generation interferometers must be overcome and new solutions must be developed to reduce
the fundamental and technical noises that will limit the next generation
machines. In eﬀect, the jump from the second to the third generation of
GW interferometers is expected to be wider than the step made from the
initial to the advanced detectors. Whereas in the 1st → 2nd generation
evolution, the technologies adopted in the initial machines are essen-
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tially updated through, e.g. an increase of the injected laser power, an
improved seismic noise ﬁltering (in “Advanced LIGO”), a reduction of
the low frequency thermal noise by improving the suspension design and
suspension ﬁber material, by adopting the monolithic fused silica design
pioneered in GEO600, an improvement of the mirror thermal noise by
selecting a better substrate material and coating realization (done in the
intermediate step of the enhanced detectors, like e-LIGO and Virgo+),
the transition 2nd → 3rd generation will require a complete redesign of
the observatory, starting from the infrastructure and the site hosting the
interferometers.
In the next sections of this chapter, a subset of the scientiﬁc goals of a
third generation GW detector and a short overview of the technological
challenges introduced by this new generation of machines, currently under evaluation within the framework of the Einstein Telescope (ET) design study (http://www.et–gw.eu/), will be described. It is worth to cite
here that, inside the ET scientiﬁc community, it has been suggested to
use the word “observatory” rather than “detector” when referring to the
third generation of interferometers, to underline the fact that the main
component (costwise) of these apparatuses will be the infra–structure,
which will last for decades and will be made compatible with subsequent
upgrades of the hosted detectors, and the main scientiﬁc target will be
the observation of the GW sources, rather than their detection, which is
expected to happen with the advanced detectors.

1.2 Science potential of a 3rd generation GW
observatory
The deﬁnition of the expected sensitivity of a third generation GW observatory is a trade oﬀ between the science targets, the technological
achievements and the ﬁnancial costs of the project. In the Einstein Telescope design study (http://www.et–gw.eu/) an improvement in sensitivity by a factor of 10, with respect to the advanced detectors, and the
possibility to access the 1–10 Hz frequency range, still inaccessible for
the 2nd generation, has been indicated as a target. This resulted in a
possible target sensitivity (named “ET–B”), shown in Fig. 1.1.
Such a sensitivity will open a new window for understanding the
physics of extreme phenomena in the universe; hereafter a short list
of possible scientiﬁc targets, discussed in more detail in the ET science
vision document (Amaro-Seoane et al., 2009), is described:
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Figure 1.1 A possible sensitivity (solid curve) of an underground,
long suspension, cryogenic, signal and power recycled single third
generation gravitational wave observatory (see Table 1 in (Hild et al.
(2008))) compared to a typical sensitivity curve of an advanced detector (dashed curve). It is worth to underline that the evaluation of the
possible noise level of a third generation GW observatory is an ongoing activity, still far to be concluded within the ET design study.
For this reason the curves are updated regularly and labeled with
progressive letters to be distinguished. In the solid curve (so–called
ET–B), corresponding to a single wide–band detector, the suspension
thermal noise contribution is missing.

Astrophysics: Measure in great detail the physical parameters of compact stars [i.e., neutron stars (NS) and black holes (BH)] in
a binary system (Broeck, 2006; Broeck and Sengupta, 2007),
constrain the equation-of-state of NS and solve the enigma of
gamma ray bursts (GRB) (Nakar, 2007; Amaro-Seoane et al.,
2009).
General Relativity: Test general relativity by comparing observations
of massive binary star systems with numerical relativity (NR)
predictions and constrain alternative theories of gravity (such
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as the Brans–Dicke theory) through the observation of NS–BH
coalescences (Amaro-Seoane et al., 2009).
Cosmology: Measure cosmological parameters from standard sirens of
gravity (Schutz, 1986; Sathyaprakash et al., 2009) and probe
the primordial Universe through the measurement of the GW
stochastic background (Amaro-Seoane et al., 2009).
Astroparticle physics: Measure or constrain the neutrino (Arnaud et al.,
2002) and graviton masses through the detection of the GW
emitted in a supernova.

1.2.1 Binary systems
Binary systems of neutron stars (BNS) or black holes (BH–BH) are the
main targets of the advanced GW detectors; the expected rate of BNS
coalescence events within the sight distance of  400Mpc is of the order
of few tens per year and, hence, the detection should be guaranteed,
although the low signal–to–noise ratio (SNR  8) will obstruct a detailed
measurement of the physics properties of the GW signal sources. The
enhanced sensitivity of the third generation GW observatories, instead,
will permit a detailed measurement of the characteristics of the GW
source with a relevant impact, for example, on cosmography. BNS are
considered standard sirens (Schutz, 1986; Sathyaprakash et al., 2009);
in fact, by measuring the GW signal with a network of (at least) three
detectors, it is possible to evaluate the chirp mass M (because the chirp
rate depends on M) and the amplitude, allowing a direct evaluation
of the BNS luminosity distance DL . GW cannot, though, determine the
red–shift z of a source (and an ambiguity between intrinsic and observed
total BNS mass remains) and hence an electro–magnetic counterpart is
needed. In Fig. 1.2, upper panel, the BNS detection range for the ET–
B sensitivity is shown, revealing a sight distance of about z ∼ 2 and
a impressive SNR at large distances (as shown in Fig. 1.2, lower panel,
at 3 Gpc a SNR of several tens is possible). With this performance,
about 106 BNS coalescences per year are expected in the ET detection
range; let’s suppose that in about 1/1000 of these events the red–shift
could be measured identifying them with coinciding gamma–ray bursts
(GRB). Luminosity distance DL and the corresponding red–shift z are
related by the adopted cosmological model; by introducing these two
measured quantities in equation 1.1, describing the model, it is possible
the evaluate some of the fundamental cosmological parameters, like the
total mass density ΩM , the dark energy density ΩΛ and the dark energy
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equation of state parameter w (H0 in Eq.1.1, is the Hubble parameter).

c(1 + z) z
dz 
DL =
(1.1)
 3
 3(1+w) ]1/2
H0
0 [ΩM (1 + z ) + ΩΛ (1 + z )
The expected errors in the evaluation of these cosmological parameters,
computed in (Sathyaprakash et al., 2009) are listed in Table 1.1 and are
comparable to those from other cosmological measurement attempts,
such as the Joint Dark Energy Mission.
Table 1.1 Errors in the determination of the cosmological parameters
through the detection of 5192 realizations of a catalogue containing
1000 BNS merger events, of known red–shift (Sathyaprakash et al.,
2009). The fractional 1-σ width of the distributions σΩΛ /ΩΛ , σΩM /ΩM
and σw /|w| are shown, accounting for the weak lensing errors in the
left column and considering it corrected in the right column. Briefly:
ΩM and ΩΛ are the (dimensionless) energy densities of the Dark
Matter and Dark Energy, respectively; w is the Dark Energy equation
of state parameter (w = 1 corresponds to a cosmological constant).
Free parameters
3

σΩΛ /ΩΛ
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3.5%

2

ΩΛ = 0.73

1

ΩΛ = 0.73

σΩM /ΩM

σw /|w|

18%

14%

18%

15%

9.4%

8.1%

7.6%

6.6%

1.4%

1.1%

ΩM = 0.27

The detection distance and the SNR shown in Fig. 1.2 are computed
using templates produced in the so–called restricted post–Newtonian
(PN) approximation, where only the lowest order (corresponding to the
second harmonic of the orbital frequency) of the PN expansion is retained. Although the potential of the sub–dominant higher harmonics
aren’t fully evaluated, it is clear (Broeck, 2006; Broeck and Sengupta,
2007; Arun et al., 2007) that they could facilitate the observation of
heavier binary systems (by enriching the high frequency part of the GW
spectrum) as well as greatly improve the accuracy in the measurement
of the GW source parameters (relaxing, also, the requirement on the
minimal number of detectors in the network needed to resolve a GW
source). All this will allow the determination of the mass function of
neutron stars and black holes, the maximum mass of a neutron star and
its equation–of–state and provide a comprehensive history of the formation and evolution of compact binaries. As described in (Gair et al.,
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2009a,b), such studies will give answers to important astrophysical questions such as the history of star formation, the birth of intermediate-mass
black holes and their growth, etc.
When the two massive stars (NS or better BH) in a binary system are
close to the ﬁnal coalescence, because of the ultra strong gravitational
ﬁelds, the PN approximation is no longer valid and a fully relativistic
treatment is needed. Thanks to the advances in analytical (Buonanno
and Damour, 1999, 2000; Damour et al., 2002, 2003; Damour and Nagar,
2007b,a; Buonanno et al., 2007) and numerical relativity (Brügmann
et al., 2004; Pretorius, 2005; Baker et al., 2007; Boyle et al., 2007; Ajith
et al., 2008; Hannam and Hawke, 2009) it is possible to predict the
characteristics of the signal emitted in the process of merger. Comparison
of the predicted signal amplitudes and ﬂuxes with the observation carried
on by ET will enable new tests of general relativity. It should be possible
to check whether the spacetime geometry of the merged object is that
of a black hole or some other exotic object, whether black holes are
enclosed in a horizon, etc.

1.2.2 Isolated Neutron Stars
As explained in the previous chapters, Neutron stars (NS) are one possible end state of massive stars that result in a gravitational collapse followed by a supernova of Type II, Type Ib or Type Ic. The composition
of a NS is still under debate and the measurement of the GW emitted
by such as body could give important information on its internal structure. In particular, being the main mechanism for the emission of GWs
by a NS due to the quadrupolar moment generated by its ellipticity ,
from its measurement it is possible to deduce important information on
the equation–of–state of the ultra–dense matter composing the NS. Its
is worth to underline that, according to current NS models, a solid core
NS could sustain   10−3 , whereas the crust of the NS could support
up to   10−6 − 10−7 . Because of its improved performance, a third
generation GW observatory could be sensitive to the GW emitted by
isolated NS having a relatively small ellipticity, as shown in Fig. 1.3 and
permits to cover a large fraction of our galaxy in a blind search (see
Fig. 1.4).
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1.2.3 Supernova explosion
In a supernova explosion (SNe) caused by the collapse of the core of a NS
the energy radiated in GWs is expected to be a very small fraction of the
total energy emitted (still under debate, but less than 10−7 − 10−8 solar
masses, according to what is reported in the review (Ott, 2009)). This
fact limits the detection potential of the initial and advanced detectors
to the Milky Way and the closest galaxies, with an expected detection
rate of about 1 event every 2 decades in the Local Group (Bergh and
Tammann, 1991). ET could detect SNe up to few Mpc, with an expected SNe rate of 1 event every 1–2 years (Ando et al., 2005) (if we
consider a detection distance of 5–6 Mpc). If, as expected, in the time–
scale of the implementation of the third generation of GW observatories,
Megaton–class neutrino detectors are operational and have a detection
range comparable to ET (as indicated in (Ando et al., 2005)), it will be
possible to provide coincident observation with non–negligible detection
rate, permitting important evaluations on the SNe mechanisms and on
the neutrino mass value.

1.3 Third generation sensitivity: how to suppress
the noises limiting the advanced GW detectors
In Fig. 1.1 a possible target sensitivity (so–called ET–B) of a third generation GW observatory is compared with the expected sensitivity of an
advanced detector. To bridge the gap between the two curves, several
noise sources must be suppressed. Obviously a conceptually easy way
to improve the sensitivity is to realize a new interferometer with longer
arms and, indeed, the ET–B curve is computed assuming an arm length
of 10 km; this is the ﬁrst trivial indicator of the need of a new infrastructure for the third generation. But, to act on the several noises limiting
the nominal sensitivity of the advanced detectors, in diﬀerent frequency
ranges, new and speciﬁc technological solutions must be found. At very
low frequencies (below 3–4 Hz) the seismic and the related gravity gradient noises must be suppressed. In the 4–50 Hz range the thermal noise of
the optics suspension system and the quantum noise, related to the radiation pressure exerted on the suspended mirror by the photons in the
main Fabry–Perot cavities must be reduced. Above 40 Hz, the thermal
noise (dominated by the mechanical dissipation of the high reﬂectivity
dielectric coating) of the suspended mirror and the shot noise compo-
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nent of the quantum noise play a dominant role and must be reduced
simultaneously to achieve the target sensitivity. The following subsections are devoted to the description of the limiting noises and to the
possible technological solution in a third generation GW observatory.

1.3.1 Seismic and Gravity Gradient noise
At low frequency, ground based interferometric GW detectors are limited by the natural and anthropogenic vibration of the ground where the
apparatus is built. Seismic excitation acts on the suspended test masses
both indirectly, through the suspension chain, shaking each stage according to its transfer function, and directly, coupling the mass vibration in
the soil layers, perturbed by the seismic waves, with the test–mass displacement, via the mutual attraction force expressed by Newton’s universal law of gravitation (so–called Gravity Gradient noise or Newtonian
noise).
Advanced detectors will implement seismic ﬁltering systems to reduce the test–mass shaking due to the ground vibration. “Advanced
LIGO” will implement a so–called active ﬁltering system (Abbott et al.,
2002) where, in a chain of three sub–systems, the displacements and
the accelerations caused by the seismic noise are read through position
and acceleration sensors and are actively and hierarchically suppressed
through hydraulic and electro–magnetic actuators. “Advanced Virgo”
will adopt, instead, the passive ﬁltering philosophy already successfully
implemented in the initial Virgo, based on a chain of harmonic oscillators
ﬁltering the seismic vibration horizontally (inverted and “normal” pendulums) and vertically (blades). The so–called Virgo Super–Attenuator
pushes the residual seismic noise below the thermal noise of a ﬁrst generation detector like Virgo starting from about 4 Hz (Braccini et al., 2005)
and it has been demonstrated (Braccini, 2009) the compliance of this
apparatus with “Advanced Virgo”.
In the ET design, there are additional requirements that make the
achievement of the sensitivity target very challenging; in fact, beyond
the request of reducing the noise level, roughly by a factor of ten, in the
whole detection frequency band, the requirement to access the frequency
region between 1 Hz and 10 Hz, excluded in the advanced detectors, is
too diﬃcult to be obtained just with an improved seismic ﬁltering system and alternative (or better additional) solutions must be found. It is
well known that underground sites are seismically quieter (i.e. see (Beker
et al., 2009)) and the possibility to realise an underground GW detector
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has been analysed and selected by the LCGT collaboration in Japan.
The comparison between the seismic noise in the TAMA site (Tokyo)
and in the LISM (Sato et al., 2004) site (Kamioka mine, the prime
candidate for an LCGT site) shows a reduction in the low–frequency
region, by going underground, by a factor of 100 in terms of acceleration and by two to three orders of magnitude in displacement spectral
amplitude. A corresponding and even larger noise reduction has been
reached in the output of the LISM interferometer, due to the fact that
going underground several other “technical” noises, induced by external
disturbances like wind, scattered light or temperature ﬂuctuations, are
suppressed by the quietness of the site. Hence, to achieve the ET–B target sensitivity an underground site is mandatory; for these conditions, it
has been shown (Braccini, 2009) that the Virgo Super–Attenuator satisﬁes the ET requirements above 3–4 Hz, whereas to access the 1–3 Hz
frequency range major technical upgrades of the suspension system have
to be realised. This is the second, more important, indicator that a new
infrastructure is a priority issue on the path towards the realization of
the third generation of GW observatories.
The Gravity Gradient noise eﬀect has been modelled for an interferometer on the Earth’s surface (Saulson, 1984; Beccaria et al., 1998;
Hughes and Thorne, 1998) and the predicted noise level is negligible for
the initial and advanced detectors. In a third generation GW detector,
the more stringent requirements at low frequencies, accentuate the role
of this noise source. It has been shown (Cella, 2009) that, going deeply
underground ( 100 m) it is possible to eﬀectively suppress the gravity
gradient noise (at least above 2 Hz). Further reductions require a major
eﬀort to complement the seismic attenuation with the subtraction of the
residual gravity gradient noise through signals extracted from a network
of sensors located around the detector (Cella, 2009).

1.3.2 Thermal Noise
As previously cited, the so–called thermal noise, generated by all the
processes modulating the optical path of the light in the interferometer,
coupling it to the Brownian ﬂuctuation or to the stochastic ﬂuctuation of the temperature ﬁeld in the optical components, dominates the
sensitivity of the initial and advanced detectors in the low and medium
frequency range (4–200 Hz). To model and understand the thermal noise
in the interferometers (in thermal equilibrium) two fundamental instruments are used: the equi–partition theorem, that relates the temperature
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of a system to its average energies, and the Fluctuation–Dissipation (FD)
theorem (Callen and Welton, 1951), that relates the power spectrum of
the ﬂuctuations of a system in thermal equilibrium to the dissipation
processes, described by its mechanical impedance.
In the initial and advanced interferometers, the unique tool used to
reduce the thermal noise eﬀect on the detector has been the reduction
of the dissipation processes through the selection of the best material
available (i.e. C85 steel in Virgo (Cagnoli et al., 1999) or fused silica in
GEO600 (Goßler et al., 2004) and the advanced detectors (Amico et al.,
2002; Cagnoli et al., 2006)) or trough the minimization of the clamping
losses (i.e. by optimizing the clamping design (Cagnoli et al., 1996) in
initial detectors, or by introducing the monolithic design in GEO600 and
advanced detectors).
In the third generation of GW observatories a further reduction of the
thermal noise limitation must be found and, in the ET design, as well as
in the LCGT project, the additional methodology is based on the reduction of the interferometer operational temperature down to a few degree
Kelvin. In fact, according to the equi–partition theorem, temperature is
directly proportional to the energy stored in each degree of freedom of
the suspended system allowing to reduce the ﬂuctuation amplitude by
lowering the suspension temperature. Furthermore, at low temperature,
some materials show a suppression of the dissipation mechanisms.
It is really important to select the right technology to cool down the
suspended mirrors of the interferometer without introducing additional
noise (like seismic and acoustic excitation caused by the cryogenic liquid
boiling processes, or the mechanical pumps vibration). Cryo–coolings
systems are really appealing because they promise an excellent duty
cycle to the interferometer, hence, cryogenics is one of the most appealing technologies to reduce the thermal noise of the optics suspension in a third generation gravitational wave detector. The ﬁrst problem to be solved in a cryo–interferometer is how to cool down the test
masses without introducing additional vibrations that spoils the very
low frequency performances. A promising technology is now available,
based on cryo–cooling systems, dampened to reduce the seismic vibration (Tomaru et al., 2004).
The cryogenic solution introduces a discontinuity in the evolution of
the materials adopted in GW interferometers. In fact, the monolithic
suspension, developed for the second generation of gravitational wave
detectors, cannot be used in cryogenics because of the poor thermal
conductivity of the fused silica and because of a well known dissipation
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peak of that amorphous material at low temperature. The requirements
that a material should satisfy, to be electible for a cryogenic suspension, are a high thermal conductivity at the operation temperature, to
permit an eﬃcient heat extraction (which is crucial, because of the relatively large heating power deposited in the test masses by the high
light power stored in the interferometer cavities), a low mechanical dissipation angle (to reduce the Brownian thermal noise), a low thermal
expansion coeﬃcient (to minimise the thermo–elastic noise), and a good
breaking strength (to safely support the test masses). Currently there
are two candidate materials for this role: Sapphire and Silicon. Sapphire
has been selected to realise the suspension ﬁbres of LCGT both for
its dissipation (Uchiyama et al., 2000) and for its thermal conductivity
properties (Tomaru et al., 2002); also Silicon has been found a suitable
material to realise both suspension ﬁbres (Alshourbagy et al., 2006) and
ribbons (Reid et al., 2006). However, as matter of fact currently only
Sapphire has been used to realize a full cryogenic suspension and the
usage of Silicon still needs a successful R & D activity.
At intermediate frequency (40–200 Hz) it is the thermal noise, related
to the losses in the suspended test masses, that dominates the noise
budget of the advanced detectors. To be more precise, the mechanical
dissipation located in the high reﬂectivity dielectric coatings (mainly
in the Tantalum–pentoxide Ta2 O5 layers) gives the largest contribution to the noise level in that frequency range. A large R & D eﬀort
in the realization of the advanced detectors is devoted to reduce that
eﬀect both by decreasing the dissipation of the Ta2 O5 layers, introducing a Titanium dopant (Harry et al., 2007), and by reducing the total
amount of Tantalum–pentoxide material while keeping the same reﬂectivity (Agresti et al., 2006). These developments are important also for
the third generation of GW observatories, but the low temperature requirement introduces additional problems. In fact, it has been shown
that going at low temperature, in a multi–layer Tantalum-pentoxide
coating, the mechanical dissipation is rather constant (Yamamoto et al.,
2006) and more recent measurements (Martin et al., 2008) have even
shown a low temperature dissipation peak in a single–layer of Ta2 O5
doped with TiO2 . Furthermore, because of the previously mentioned
broad dissipation peak shown by fused silica at low temperature, in the
cryogenic interferometers it is impossible to choose the low mechanical
loss, low optical absorption substrates developed for the advanced detectors. The best material candidate to realize the test masses is, again,
Sapphire (selected in LCGT) and crystalline Silicon, which shows a very
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low mechanical dissipation angle (about 3–4×10−9) at low temperature.
The use of a Sapphire test masses simpliﬁes the development of all the
electro–optical components of a third generation GW observatory, since
it is transparent to the standard wavelength adopted in the gravitational
wave detectors (1064 nm). Furthermore, it shows relatively small thermal
lensing (Tomaru et al., 2002) due to its large thermal conductivity at low
temperature (2330 W· m−1 K−1 at 10 K), but the high optical absorption
(about 90 ppm/cm (Tomaru et al., 2001)) measured in the available substrate samples, constrains the interferometer design and limits the future
light power increase in the main Fabry–Perot cavities. Obviously, future
improvements in the optical properties of Sapphire substrates could enhance the possibilities of this solution. Silicon shows a similar thermal
conductivity (1200 W· m−1 K−1 at 12.5 K), but it is transparent only at a
longer wavelength (λ  1450 nm), where it shows a very low absorption
(about 3 × 10−8 cm−1 at 1445 nm (Green and Keevers, 1995)), which
requires to reconsider all optical and electro–optical component choices
in the interferometer.
A solution of this problem is searched both by investigating possible new high refraction index materials, that must show a low dissipation at cryogenic temperature when used in a dielectric coating, and by
looking for a complete diﬀerent approaches. In this second scenario, an
arbitrary selection of interesting R & D activities is hereafter brieﬂy described. The ﬁrst promising possibility (Brückner et al., 2009) is related
to the production of a high reﬂectivity mirrors with just one dissipative layer of dielectric coating material on the substrate or even without
any additional layer, realizing the so–called resonant waveguide grating (Bunkowski et al., 2006) by nano–structuring the surface of the Silicon substrate. Another possible innovative solution could be based upon
the so–called “Khalili cavities” (Khalili, 2005), that permit to build high
ﬁnesse Fabry–Perot cavities minimizing the thickness of the dissipative
high reﬂectivity coating layers, by replacing the end mirrors with additional anti–resonant cavities. This option is currently preliminary being
investigated in ET (Hild, 2009) and an overall reduction factor of the
coating Brownian thermal noise of 1.5 has been evaluated; the realization diﬃculties (thermal load on the end mirror substrates, short end
cavity control issues, etc.) are still to be investigated. Finally, a further
method, under investigation in ET, that promises an eﬀective reduction
of the thermal noise level, is the use of ﬂatter beams in the Fabry–Perot
cavities. In fact, it is well known that the eﬀect of the mirror thermal
noise ﬂuctuation on the detector sensitivity diminishes with the beam
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size in the cavity, but, because of the physical limitation on the mirror
substrate size and on the acceptable level of diﬀraction losses, it is difﬁcult to have beam sizes in ET that are substantially larger than the
beams in the advanced detectors. For this reason, the possibility to use
a beam with an intensity distribution ﬂatter than the Gaussian one is
appealing and the thermal noise reduction using higher–order Laguerre–
Gauss modes has been investigated (Chelkowski et al., 2009).

1.3.3 Quantum Noise
As could be seen in the chapters discussing the second generation of GW
detectors, i.e. the ’advanced’ instruments, Quantum Noises are important both a the high and the low frequency end of the detection band.
At high frequencies shot noise typically dominates the sensivity, whereas
the importance of radiation pressure noise increases towards lower frequencies. Both forms of Quantum Noise need to be lowered in order to
reach the sensitivity goals for a third generation observatory.
Shot noise is an apparent test mass displacement noise as it creates
a signal but no real mirror motion. Diﬀerential phase noise on the laser
beams in the interferometer arms gets converted into amplitude ﬂuctuations of the recombined beam in the output port and hence cause
measurable noise on the photo detector. There are two ways of improving the shot noise: increasing the signal and lowering the noise.
The easiest way to increase the signal is increasing the light power in
the interferometer arms. The signal size obtained from the photo detector at the output port created by a GW of a given amplitude linearly
depends on the light power, whereas the shot noise scales as the square
root of the light power. Hence the Signal-to-Noise Ratio (SNR) also
scales as the square root of the light power.
In the Einstein Telescope a light power in the interferometer arms of a
few MW may be necessary. This can be achieved with a high power laser
of about 1 kW power, arm cavities and Power Recycling as a straight
forward extension of current technologies. The problems arising from increased local heating by absorbed laser power will require sophisticated
thermal compensation schemes, similar to the ones used for the ﬁrst generation of GW detectors (Waldman for the LIGO Science Collaboration
(2006) and Acernese et al. (2008)). Like in the second generation of detectors, Signal Recycling (Meers (1988)) can be used to further increase
the signal in parts of the frequency band.
The use of high light power in the interferometer arms can lead to an-
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other problem: parametric instabilities (Braginsky et al. (2001)). Parametric instabilities arise from a coupling of higher order modes in resonant optical cavities and acoustic modes of the cavity mirror substrates
and can cause serious problems for a stable operation of the advanced interferometers (Ju et al. (2006b) and Ju et al. (2006a)). Studies for LCGT
(Yamamoto et al. (2008)) have shown that the problem is less severe in
this interferometer because of the diﬀerent geometry and materials of
the mirrors, since the radius of curvature of the mirror and the sound
velocity at the operative temperature play a relevant role in determining
the number of instable modes. Parametric instabilities for the Einstein
Telescope have been investigated showing that the number of instable
modes is much bigger than in LCGT (Yamamoto et al. (2008)) and most
likely need suppression techniques. A reduction of the mechanical Q of
the elastic mirror modes in a way that does not compromise the thermal
noise to an intolerable extent is a promising technique for treating the
parametric instabilities. Active feedback with external actuators, e.g.
radiation pressure actuators, is also possible but requires sophisticated
control loops to safely identify and suppress all possible instable modes.
The sensitivity of the interferometer can not only be improved by
increasing the signal but also by lowering the quantum noise. Lowering
the shot noise requires lowering the diﬀerential phase ﬂuctuations in
the interferometer arms. This can be achieved by injecting squeezed
vacuum states into the output port of the interferometer. For details
we would like to refer to Kimble et al. (2001) and Harms et al. (2003).
Squeezed states trade the ﬂuctuations in one quadrature of the ﬁeld
against ﬂuctuation in the other one. Lowering the phase ﬂuctuations will
inevitably increase the amplitude ﬂuctuations, as both quadratures are
related to each other by Heisenberg’s uncertainty relation. Hence if the
noise in the squeezed light is lowered in the quadrature that coincides
with the carrier amplitude at the output port in case of DC readout
(often called phase quadrature as it causes diﬀerential phase noise in
the interferometer arms) the shot noise gets lowered but the amplitude
noise in the interferometer arms gets increased. At present squeezing
levels of more than 10dB can be reached (Vahlbruch et al. (2008) and
Mehmet et al. (2009)) and the squeezing can cover the full frequency
range aimed for (Vahlbruch et al. (2006)). For the time of operation of
the Einstein Telescope we anticipate the sum of losses in the path from
the squeezing source via the interferometer to the photo detector to be
low enough (i.e. on the order of 5%) and squeezing levels to be high
enough (about 15 dB) to obtain an eﬀective squeezing of 10 dB, i.e. a
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factor of 10 in power spectral density, corresponding to the same SNR
improvement as a light power increase of a factor of 10.
Noise in the amplitude quadrature of the light in the interferometer
arms causes physical motion of the test masses by the momentum transfer of the light being reﬂected. This noise is called radiation pressure
noise and rises with the inverse of the square of the signal frequency,
as the mechanical susceptibility due to inertia rises towards lower frequencies. The radiation pressure eﬀect can be lowered by increasing the
mirror mass. Mirror masses on the order of 500 kg are considered for the
Einstein Telescope. In the same way as the shot noise can be improved
with squeezed light in one quadrature, radiation pressure noise can be
lowered by squeezing the other quadrature of light being injected into
the output port. In order to gain from squeezing in shot noise and radiation pressure noise, diﬀerent quadratures will have to be used for the
respective frequency ranges. This can be achieved by using ﬁltering cavities (Kimble et al. (2001)). The optimal way of ﬁltering the light before
detection and ﬁltering the squeezed state before injection for diﬀerent interferometer topologies for the Einstein Telescope is being investigated.

1.3.4 Scenarios for the third generation
The realization of a third generation GW observatory could follow different paths according to the chosen scientiﬁc targets, to the selected
technologies and to the ﬁnancial investment to the project. In the following sections a possible scenario is depicted, according to the studies
performed within the ET design study.
Single detector or multi–detector observatory
As described in the previous sections, a schematic picture of a third
generation GW observatory could be based on the following options:
• long arms, probably about 10 km long, to enhance the sensitivity to
the dimensionless space–time strain h;
• underground site, to suppress the seismic and gravity gradient noises;
• longer seismic ﬁltering chains, with respect to advanced detectors, to
push down the low frequency limit toward 1 Hz;
• cryogenic test masses, to suppress suspension and mirror thermal
noises;
• large and ﬂat beams, to suppress thermal noise and mitigate the mirror
thermal lensing;
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• high power laser (about 1 kW), high ﬁnesse Fabry–Perot cavities, high
power recycling factor, signal recycling and squeezed light state injection, to suppress the quantum (shot) noise;
• heavy test masses and ﬁltered squeezed state injection, to suppress
radiation pressure noise.
All these options have advantages, drawbacks and constraints and, in a
realistic design of a GW detector, the identiﬁcation of the limitations
of each technology and of the cross–incompatibilities is crucial. A ﬁrst
evaluation of the potential of a detector implementing all these options,
disregarding the cross–incompatibilities between the selected technologies, has been performed (Hild et al., 2008) within the ET project.
Targeting for a wide–band detector, the sensitivity (named ET–B) of
an underground, long suspension, cryogenic, signal and power recycled
single Fabry-Perot enhanced Michelson detector has been evaluated (see
Table 1 in (Hild et al., 2008)) and the resulting sensitivity is plotted in
Fig. 1.1. In this evaluation, the cross–compatibility between the diﬀerent
technologies has been neglected, but the technological diﬃculties are evident. For example, the need of high power in the Fabry–Perot cavities
conﬂicts with the requirement of a cryogenic suspension optimized for
thermal noise. In fact, let suppose to realize a coating on the suspended
mirrors that shows an excellent absorption of about 0.1 ppm; if the power
stored in the cavities is about 3 MW, the deposited power is 300 mW. To
extract that heat from the test mass, although both the Sapphire and
Silicon show an excellent thermal conductivity at low temperature, a
cross section of several tens of mm2 is needed (corresponding to suspend
the test masses with rods of few mm of radius). Obviously this aﬀects
the geometrical dilution factor of the suspension, spoiling the pendulum
thermal noise, and increases the coupling between the angular and translation degrees of freedom of the suspension, making more complex and,
probably, noisy the control of the suspended test mass. Therefore the
appealing opportunity to simplify the technological diﬃculties, merging
in a wide–band third generation observatory the output of two (or more)
detectors, specialised on diﬀerent frequency bands, has been evaluated
in (Hild et al., 2010). Here the output of a low–frequency–specialised detector is combined with the output of a high–frequency interferometer.
The former one could be a cryogenic interferometer at an underground
site, with long suspensions, but moderate optical power, whereas the
high frequency interferometer could essentially be a long arm advanced
detector, implementing squeezed light states, a very high power laser
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and large test masses. The main advantage of this so–called Xylophone
philosophy (Shoemaker, 2001; Conforto and DeSalvo, 2004) is the fact
that it decouples the technological requirements of a high power interferometer from the requirements of a cryogenic detector, simplifying the
realization of an overall wide–band observatory that evades the cross–
incompatibilities of the implemented technologies; obviously, as additional beneﬁt, the capability to independently tune the sensitivities of
the two (or more) detectors constituting the observatory permits to better ﬁt the sensitivity of such an observatory to the searched GW sources.
A possible realization of such as Xylophone strategy, evaluated in (Hild
et al., 2010) for the ET design study, is plotted in Fig. 1.5.
Detector Geometry
Because of the quadrupolar nature of the GW, the L–shaped, with orthogonal arms, geometry optimises, with respect to the arm length,
the sensitivity of a detector and, consequently, all the currently active GW detectors are 90◦ L–shaped. But other geometries are possible; in particular, triangular–shaped detectors have been proposed in
the past (Winkler et al., 1985) and, obviously, also the LISA geometry is triangular. A detailed analysis of the beneﬁts and drawbacks
of a triangular–shaped third generation GW observatory is described
in (Freise et al., 2009) and here few highlights are reported. In a third
generation GW observatory, to fully proﬁt of the site infrastructures,
that represent, by far, the dominant part of the costs (underground site
excavation, cryogenics, long vacuum pipes), it is probable that more than
one wide–band detector is installed.
Co–located interferometers could be extremely useful to extract additional information from the GW observation; for example, two L–shaped
detectors, forming a 45◦ angle, could fully resolve the two polarisation
amplitudes of the incoming wave. Three co–located interferometers, rotated by an arbitrary angle, through the virtual interferometry technique, could do the same, supplying additional beneﬁts like null–stream
channels and redundancy. The implementation, in an underground site,
of a similar cluster of orthogonal L–shaped detectors presents several
drawbacks, mainly because of the large number of tunnels and caverns
to be realized to host the detectors and, consequently, the huge cost of
the infrastructure. Some optimization of the costs is considered possible if the angle between the two arms of each detector is reduced to
60◦ and three detectors can be accommodated in a triangular–shaped
underground site, minimizing the total length of tunnels, probably the
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number of caverns and recovering a sensitivity equivalent to two sets
of orthogonal L–shaped double detectors, rotated by 45◦ (see Fig. B1
of (Freise et al., 2009)).
The selection of the observatory geometry, because of the dominant
role of the cost of the infrastructures, will probably be driven by the
selection of the site and not vice versa: if a site that can accommodate
a triangular observatory is found, the triple co–located interferometers
will be the best choice, otherwise the two sets of orthogonal L–shaped
double detectors will be more appealing.

1.3.5 Timelines
The evolution to the third generation of GW observatories has been, is
and will be a long path. Currently the main eﬀort is made in Europe
and only the European scenario will be depicted, but it is crucial to have
a network of third generation GW observatories in the world. In fact,
although the enhanced sensitivity of this generation of interferometers
permits to improve the directionality of each observatory, i.e. by using
the additional information embedded in the higher harmonics of the full
PN modeling of the GW signal, it is recommended to have a network of
three distant detectors to reconstruct the position of the GW source.
After a series of preliminary activities supported by the European
Commission within the Framework Programme 6 (FP6), a conceptual
design study has been funded in the 2008–2011 Framework Programme
7 (FP7): the Einstein Telescope design study (http://www.et–gw.eu/).
The main goal of the ET project is to deliver a conceptual design for such
a facility, investigating the technological feasibility, the science targets,
the site requirements and prepare a costing draft for the infrastructure
and a list of site candidates.
Other design and preparation phases will follow the end of the conceptual design and it is expected that, after the ﬁrst detection of GW in
the advanced interferometers, there will be the possibility to start with
the realization of the ﬁrst site of a third generation GW observatory:
the Einstein Telescope observatory. In the current plans, it will occur
approximately in 2018-2019, followed by several years of construction
and commissioning of the detectors.
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Figure 1.2 Upper panel: The detection distance of ET-B (at an
SNR=10) for inspiral signals as a function of the intrinsic (red solid
line) and observed (blue dashed line) total mass. Lower panel: SNR
for binaries at a distance of 3 Gpc as a function of the component
masses (Amaro-Seoane et al., 2009; Punturo et al., 2009).
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Figure 1.3 Smallest ellipticity of known pulsars detectable in ET
(ET-B sensitivity) Amaro-Seoane et al. (2009).

Figure 1.4 The detection range for a blind search of NS in ET (ET-B
sensitivity) (Amaro-Seoane et al., 2009).
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