
Astroparticleschool Obertrubach 2023

04. Oct. 2023
Michèle Heurs, Leibniz Universität Hannover, Germany   



2



3

JWSTHubble

[Bilder: NASA, ESA, CSA, STScI; Joseph DePasquale (STScI), Anton M. Koekemoer (STScI), Alyssa Pagan (STScI)]



Radio 
waves

µ-wave 
background

Infrared Visible

X-ray X-ray 
background

Gammaray Gammaray
bursts

4



5

?

Credit: NASA
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(Numbers in grey, because the 
Planck project has delivered 
newer results:
• “conventional” matter :4,9%
• dark matter: 26,8%
• dark energy: 68,3%)



Isaac Newton (1642-1726) Albert Einstein (1879-1955)

Masses deform 
spacetime – and the 

curvature of 
spacetime determines 
the movement of the 

masses!
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Masses deform spacetime (the larger the mass, the deeper the “dip”) –
ssssssssssss moving* masses  cause gravitational waves

(that propagate at the speed of light)

* actually: non-spherically symmetric
changes of mass distributions

quadrupole waves!
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How large would this effect be?

(strain h = relative length change)

Effect on a ring of test masses:

© AEI
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B. P. Abbott, . . . , M. Heurs, . . . (1004 authors!): Observation of gravitational waves from a
binary black hole merger, Phys. Rev. Lett. 116 (6) 061102 (2016)

13



14

h =
�L

L
= 10�21



15Credit: NASA's Goddard Space Flight Center/CI Lab



16



17[LIGO-Virgo-KAGRA | Aaron Geller | Northwestern]



What have we already learned?

• First detection of GWs from a BBH system (GW150914)
• Physics of BHs

• First detection of GWs from a BNS system (GW170817)
• Birth of multimessenger astronomy with GWs
• Constraining the equations of state of neutron stars

• Localisation capabilities of a GW source

• Measurement of the GW propagation speed

• Test of General Relativity
• Alternative measurement of the Hubble constant

• GW polarisations

• Intermediate mass black hole (GW190521)

[Slide modified from M. Punturo, APS Talk 2022 „GW Perspectives“]
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[Modified from the 
original source (NASA)]

Lectures by
Kai Schmitz!
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GEO600

aLIGO adVirgo KAGRA
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[Image according to: The LIGO Scientific Collaboration, 
“Advanced LIGO”, Class. Quantum Grav. 32 (2015)]

ITM: input test mass
ETM: end test mass
ERM: end reaction mass
CP: compensation plate
PRM: power recycling mirror
PRi: power recycling mirror I

BS: 50/50 beam splitter
SRM: signal recycling mirror
SRi: signal recycling mirror i
jm: phase modulator
PD: photodetector
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[Image according to: The LIGO Scientific Collaboration, 
“Advanced LIGO”, Class. Quantum Grav. 32 (2015)]

ITM: input test mass
ETM: end test mass
ERM: end reaction mass
CP: compensation plate
PRM: power recycling mirror
PRi: power recycling mirror I

BS: 50/50 beam splitter
SRM: signal recycling mirror
SRi: signal recycling mirror i
jm: phase modulator
PD: photodetector

High power ultrastable laser system

Advanced interferometer topologies

Suspended low thermal noise optics
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Where are we now?



26[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)]

SNR!



27[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)]
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ç
GEO600 triple suspension
fused silica mirror
180 mm diameter
m = 10 kg
suspended by FS fibres
reaction chain for electro-
static actuation

[image: H. Lück]

è
aLIGO quadruple suspension 

fused silica mirror:
340 mm diameter
200 mm thickness

m = 40 kg
suspended by FS fibres:

400 um diameter
600 mm length

[image: M. van Veggel, RSTA 2018]



29[Source: “aLIGO”, Class. Quant. Grav (2015)]

[Source: S. M. Aston 
“Update on quadruple 
suspension design for 
Advanced LIGO”, Class. 
Quantum Grav. 29 (2012) ]
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[Source: T. Accadia et al. “Virgo: a laser 
interferometer to detect gravitational 
waves ”, JINST 7 P03012 (2012)]

Higher?
...or nested?

[Source: T. Aki et al., “Vibration isolation system with a compact 
damping system for power recycling mirrors of KAGRA”, Class. 
Quantum Grav. 36 (2019) 095015]

[Source: R. Kumar et al., “Status of the cryogenic 
payload system for the KAGRA detector”, Journal 
of Physics: Conference Series 716 (2016)]

...and cryogenic?



31[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)]

Where is the
laser noise?
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[Photo from:
www.advancedligo.mit
.edu
 courtesy AEI-Max 
Planck / LZH]

http://www.advancedligo.mit.edu/
http://www.advancedligo.mit.edu/
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[Image: LIGO Scientific 
Collaboration, Class. 
Quantum Grav. 32 (2015)]

approx. 1.5 x 3 m table

33 m round-
trip length



34
[F. Thies et al., Nd:YVO4 high-power master oscillator power amplifier laser  system for
second-generation gravitational wave detectors, Opt. Lett. 44 (3) 2019]
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Light 
source

Power recycling
mirror

Signal recycling
mirror

What does the GW do with
the interferometer?

Þ It stretches and compresses
spacetime!

Þ Acts like a phase 
modulation (generates

signal sidebands)

Þ Maximise interaction of the
GW with the interferometer!

MI operation point near 
destructive interference:

What happens?
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Image according to:
The LIGO Scientific Collaboration, 
“Advanced LIGO”, Class. Quantum 
Grav. 32 (2015)

ITM: input test mass
ETM: end test mass
ERM: end reaction mass
CP: compensation plate
PRM: power recycling mirror
PRi: power recycling mirror I

BS: 50/50 beam splitter
SRM: signal recycling mirror
SRi: signal recycling mirror i
jm: phase modulator
PD: photodetector



37[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)]
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[Bilder: S. Danilishin et al, Living Rev. Relativity, 15, (2012), 5, http://www.livingreviews.org/lrr-2012-5]

Time series: Phase state
diagramme:

40

Þ The tip of the phasor is somewhere within the „blue-dotted area“ 
(Gaussian distribution in phase space)



Coherent state:
Quadrature operators:

Heisenberg uncertainty relation:

[Image: S. Hild]
41



relative shot noise (SN)radiation pressure noise (RPN)

42

arm length
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43[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)]
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Werner Heisenberg

Source: Bundesarchiv, Bild 183-R57262 / 
Unbekannt / CC-BY-SA 3.0, CC BY-SA 3.0 
de, 
https://commons.wikimedia.org/w/index.p
hp?curid=5436254

“Heisenberg”

© By Source (WP:NFCC#4), Fair use, 
https://en.wikipedia.org/w/index.php?curi
d=36178596

X1

X2

DX2

DX1
=> we can reduce the uncertainty in one measurement quantity, but at the cost of 
increasing the uncertainty in the other measurement quantity!

…is fulfilled by, e.g.
1 × 1 = 1
2 × ½ = 1
⅕ × 5 = 1

But also by, e.g.
10 × ⅓ > 1

https://en.wikipedia.org/w/index.php?curid=36178596
https://en.wikipedia.org/w/index.php?curid=36178596
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Heisenberg merely says



46[Image: R. X. Adhikari, Rev. Mod. Phys. 86, (2014)]

SQL
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[Nat. Phys. 7, 962–965 (2011)]



Source: LIGO Scientific Collaboration „A gravitational wave observatory operating beyond the quantum 
shot-noise limit“, Nature Physics (2011), DOI: 10.1038/NPHYS2083 48



49
[J. Lough et al., “First demonstration of 6 dB quantum noise reduction in a kilometer scale gravitational wave observatory”, Phys. Rev. Lett. 126, 041102 (2021)]



[Image: Vahlbruch et al., “The GEO600 squeezed light source”, Class. Quantum Grav. 27 (2010)] 50

…it‘s a little complicated... ;)



51[Source: Dissertation E. Schreiber (2018)]
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[M. Mehmet and H. Vahlbruch, “High-efficiency squeezed light generation for gravitational wave detectors” 
Class. Quantum Grav. 36 015014 (2019)]
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[The Virgo Collaboration & Mehmet et al. „Quantum Backaction on Kg-Scale Mirrors: Observation of Radiation Pressure Noise in the Advanced 
Virgo Detector “ Phys. Rev. Lett. 125, 131101 (2020)]
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[The Virgo Collaboration & Mehmet et al. „Quantum Backaction on Kg-Scale Mirrors: Observation of Radiation Pressure Noise in the Advanced 
Virgo Detector “ Phys. Rev. Lett. 125, 131101 (2020)]

Phase-quadrature squeezing reduces rel. shot noise, 

but quantum radiation pressure noise is increased!

Fixed phase-
quadr. SQZ
(normalised)

Fixed ampl.
quadr. SQZ
(normalised)
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1.3 Design of the ET observatory 47

1.3.8 Layout of the observatory

Figure 1.14: Artistic view of the ET layout.

As a consequence of the extremely
demanding seismic requirements the
Einstein Telescope will be located un-
derground at a depth of about 200 m to
300 m. In the complete configuration
it will consist of three nested detectors,
each in turn composed of two interfer-
ometers. Selecting the geometry of an
equilateral triangle, where each side
of the triangle is simultaneously used
by two detector arms, allows the de-
termination of the polarisation of the
gravitational wave (for a given source
location) and optimises the usage of
the tunnels. The topology of each interferometer will be the dual-recycled Michelson layout with
Fabry-Perot arm cavities. An artist’s impression of the Einstein Telescope is shown in figure 1.14.
The final site selection will be based on geological surveys and other nonscientific factors of influence
(e.g. political, financial, interest of local parties, vicinity to research institutions).

For the desired sensitivity an overall length of arm cavities of about 10 km is required. More
specifically, as depicted in figure 7.8, in this document we assume 10 km for the arm cavity length, a
separation between the end mirrors of the cavities of one interferometer and the inner cavity mirrors
of the other "tunnel-sharing" detector of approximately 300 m and some space for cryogenic ba�es
and mode matching telescopes of about 100 m (matching the large beam size from the interferometer
arms to smaller beams in the beam splitter area). This gives a total triangle side length of about
10.5 km and an overall tunnel length for the Einstein Telescope Observatory of 31.5 km.
Another tunnel of almost 1 km in length serves for remote placing of water pumps and hosting filter
cavities for generating frequency dependent squeezed light.

Figure 1.15: Artistic impression of the underground arrangement of
tunnels and caverns. For details see section 7.3.1.

The main, about 10 km long
tunnels along the observatory
arms will have an inner diame-
ter of 6.5 m (see section 7.3.1).
Access to the underground de-
tectors is foreseen via vertical
shafts (see figure 7.10, 7.9) or
inclined access ramp tunnels,
which will be determined in a
technical design phase after site
selection. Inclined tunnel ac-
cess may be favourable if local
regulations prevent the surface
entrance to be close to the vertex
stations.

154 Chapter 6. Detector

Figure 6.22: 3D view of a pumping station: the blue objects represent the pumps and sensors, the yellow ones
the cabinets for pumps control and baking power supply (1 cabinet for all). A separate small room is reserved
for the high voltage electrical transformer.

8. Computing Infrastructure

As with most large experiments, the scale of ET computational challenges is such that the computing
infrastructure cannot be solely based on local resources. The physics community at large has a long
experience in designing, building and managing global-scale computing infrastructures that can
be exploited to cater to these needs. This section deals with the design of such an infrastructure
dedicated to the search for GW sources with the ET, and the generation and distribution of triggers
for multi-messenger astronomy. An in-depth discussion of the upcoming computing challenges for
the 3G era has been done by the GWIC 3G Computing Subcommittee [582]; in the following we
will focus mostly on the design of the ET computing infrastructure. As will be clear, the exact
size of the computing power for ET data analysis cannot be trivially extrapolated from those of
second-generation infrastructures; it is however already possible to delineate what the needs will be
in terms of services.

8.1 Computing challenges and strategies

Even with its 6-interferometers design ET will not, even by today’s standards, generate a huge data
volume with respect to the 1PB of data per year produced by a 2G interferometer. For comparison, in
2018 (the final year of Run 2) the Large Hadron Collider at CERN produced 110 PB of scientific
data, and is scheduled to double that figure (on average) during Run 3 (2021-2023). Even taking into
account a much larger number of control channels (which however may just be stored in a circular
bu�er on-site and not necessarily exported for safekeeping) we should be well within the technical
and funding capabilities in the ET timescale. It is the quantity of valuable scientific information
hidden in the data that will grow, and with it the amount of computational power needed to extract
it. Factoring in the expected technological developments in computing hardware (Moore’s law is
starting to fail for CPU performance, whereas its network capacity equivalent is not, see below), it
turns out that data management will most likely not be an outstanding issue; computing power itself,
however, will be challenging.

6.12 Vacuum system 151
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Figure 6.18: As an example the cross-section of a Virgo a mirror tower is shown.

6.5 Quantum noise reduction 117
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Figure 6.6: Maximum e�ective squeezing level as function of phase noise and optical loss. In order to reach
the goal of 10 dB detected squeezing, the optical loss needs to be smaller than 10 % while the phase noise must
not exceed 10 mrad.

sensitivity at lower frequencies and vice versa. It was revealed by Unruh [435] and others [436, 437]
that squeezed field injection with frequency dependent squeezing angle allows an overall quantum
noise reduction including the radiation pressure noise thereby beating the standard quantum limit
(SQL). The e�ect of a simultaneous suppression of quantum noise by means of a frequency dependent
orientation of the squeezing ellipse (i.e. the correct squeezing phase for all detection frequencies) is
illustrated in Fig. 6.7. For Advanced Virgo and Advanced LIGO, this can be realized with a detuned
filter cavity and the corresponding technology is now mature and planned to be implemented before
the science run O4. The ET detectors will be quantum noise limited over the entire detection band
and therefore suitable filter cavities have to be implemented. For the squeezed light injection into an
optical spring interferometer, an additional rotation of the squeezing ellipse is caused first by the
phase-space rotation of a detuned cavity and second due to the optical spring resonance. In this case
at least two filter cavities are necessary to achieve a broadband reduction of quantum noise with
squeezed states of light. This is what we propose for the low-frequency ET-LF interferometer (cf.
section 6.1.1). For the high-frequency ET-HF interferometer one filter cavity is enough (cf. Sec. 6.1.1
and [438]).

6.5.2.1 Filter cavity

The filter cavity assisted rotation of the squeezing ellipse has been experimentally demonstrated in
table top experiments both at MHz [439] and kHz [397] frequencies. Recently frequency dependent
squeezing with long filtering cavities has been demonstrated in the frequency band relevant to GW
detectors [399, 398]. That opens the way to its implementation in the current interferometers in the
coming years and both collaborations LIGO [440] and VIRGO [441] are presently working on the

40 Chapter 1. Introduction

of three nested detectors, which will be arranged in a triangular pattern as shown in figure 1.8 (see
also section 6.1).

Figure 1.9: The normalised antenna pattern (ampli-
tude sensitivity) of the combined three detectors of
the Einstein Telescope for unpolarised waves, i.e. the
quadrature sum of "x" and "+" polarised waves.

In contrast to the traditional L-shaped geometry
of the first and second generation detectors this
arrangement is equally sensitive to both polari-
sations of the gravitational wave. Additionally,
it shows a more isotropic antenna pattern com-
pared to the L-shaped detectors, as shown in
figure 1.9. The overall frequency range covered
will reach from 3 Hz to several kHz.

Each individual detector in turn will comprise
two interferometers, one specialised for detect-
ing low-frequency gravitational waves and the
other one for the high-frequency part. The sen-
sitivity goal for each interferometer is shown
in figure 1.10. Each individual interferometer
has a classical dual-recycled Michelson topology
with Fabry-Perot arm cavities. This technique
is currently used in Advanced LIGO and about
to be installed in Advanced Virgo. Alternative
topologies are under study and they, or newer
approaches may prove to be great "future" can-
didates for implementation in this observatory.
They are not qualified for "initial" detectors yet.

The sensitivity curve shown in figure 1.10 gives
the sensitivity for a single detector with 10 km
arm length and an angle of 90� between the arms. This is done for better comparison with the
existing and planned detectors. ET will in fact have three 10 km detectors and the angles between the
arms will be 60�. The resulting sensitivity in comparison to a single 90� detector depends on the
source location in the sky and its orientation, as the angular antenna pattern (see figure 1.9) and the
polarization dependence (independent in the triangular case) influence the signal strength di�erently
for di�erent detector layouts. On average the sensitivity of the triple 60� detector is slightly better
than a single, optimally oriented 90� one.

1.3.2 Quantum noise

In order to achieve a su�cient sensitivity at high frequencies the light power in the arms of the
interferometer needs to be increased to the megawatt range. Thermal noise considerations on the
other hand require cryogenic optics to reach the sensitivity goal at low frequencies.
Large and heavy mirrors will be used to keep radiation pressure e�ects low and also allow larger
sized beam spots on the mirror surfaces for lowering thermal noise e�ects.

Operating cryogenic optics at a level of several megawatt of light power presents a serious technological
challenge which cannot be mastered with technologies in reach. Even for the best mirrors that

Where to?



Image:
aLIGO@MIT
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[Copyright © 2005 Paramount Pictures]57
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Third generation

CE (US)
ET (EU)

LISA

?



59NIKHEF, NL[source: ET Design Report Update 2020, and references therein].

Astrophysical reach for equal-mass,
nonspinning binaries for Advanced LIGO,
Einstein Telescope and Cosmic Explorer

[source: Einstein Telescope Design Report Update 2020]

Sensitivity comparison  of Advanced LIGO
and Einstein Telescope (design)



60NIKHEF, NL

• A European project!
• triangular underground GW observatory (at 

200 – 300 m depth) with 10 km arm length

2011 => 2020

6. Detector

This chapter will focus on the technical implementation of the detectors housed in the ET infrastructure.
The strategies, designs and techniques to meet the the unprecedented sensitivity of this new observatory
will be detailed.

6.1 Optical layout

10 km

Figure 6.1: Three nested detectors in a tri-
angular arrangement will form the final Ein-
stein Telescope geometry.

The Einstein Telescope will consist of three nested de-
tectors, which will be arranged in a triangular pattern as
shown in figure 6.1. In contrast to the traditional L-shaped
geometry of the first gravitational wave observatories this
arrangement is equally sensitive for both polarisations
of the gravitational wave. Additionally it shows a more
isotropic antenna pattern compared to the L-shaped de-
tectors with sky localisation possibilities. The overall
frequency range covered will span from 3 Hz to several
kHz.

Each individual detector in turn will comprise two inter-
ferometers, one specialised for detecting low-frequency
gravitational waves and the other one for the high-frequency
part of the spectrum. The sensitivity goal for each inter-
ferometer is shown in figure 1.10. Each individual interferometer has a dual-recycled Michelson
topology with Fabry-Perot arm cavities. This is a mature and well tested configuration currently
employed in second-generation detectors, such as the current Virgo and LIGO detectors.

This section describes the details of the ET optical layout, such as the laser beam sizes, beam shapes
and distances between optical components inside the arm cavities and central interferometer including

10
 km
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1.3 Design of the ET observatory 41

state-of-the-art coating technology can produce, the residual absorption in the order of one ppm leads
to an absorbed power of several Watt at a circulating light power level in the megawatt range. The
resulting thickness of the suspension fibres, which would be needed to remove the heat, would spoil
the thermal noise performance required of the ultra low loss suspension. The Einstein Telescope
will therefore be realised in what we call a ‘xylophone’ arrangement, where each single detector is
split into two complementary interferometers, leading to sensitivities as shown in figure 1.10. This
split detector arrangement also o�ers an elegant solution for the challenge that radiation pressure
noise and shot noise scale in opposite ways with light power and cannot individually be optimised
in a single interferometer. In an interferometer using classical states of light the so-called Standard
Quantum Limit (SQL) determines the lower limit for the quantum noise. For each frequency there
is a di�erent optimal compromise between shot noise and radiation pressure noise, meaning that
in a single interferometer the SQL cannot be reached for all frequencies simultaneously. It can be
overcome if non-classical light with correlations between the phase and the amplitude quadratures
is used, so-called squeezed light. In the shot noise dominated frequency range squeezed light is
used, which shows lower phase fluctuations at the cost of the amplitude fluctuations in comparison to
classical laser light in the interferometer arms.

The interferometer dedicated for detecting high-frequency gravitational waves in the range from about
30 Hz to several kHz will be operated at room temperature, use fused silica optics with a diameter of
about 60 cm and a mass of about 200 kg each, have a light power of about 3 MW in the interferometer
arms, and run in the broadband Resonant Sideband Extraction mode.
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Figure 1.10: Sensitivity of the Einstein Telescope in the ‘xylophone’ configuration. The sensitivity of the
low-frequency cryogenic interferometer is shown in the dashed dark blue curve and the one of the high-frequency
room temperature one in a dashed blue-green tone. The sum of both is given by the solid bright red curve.
Shown here is the sensitivity for a single detector with 10 km arm length and an angle of 90. (In some of the
earlier documents this curve was labelled ET-D sensitivity curve.)
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Figure 1.13: Noise budget for the low-frequency (top) and high-frequency (bottom) interferometer for the
parameters stated in table 6.1. Shown in black is the amplitude spectral density of a gravitational wave
required to produce a signal with the same strength as the total noise of the interferometers. The total noise is
decomposed into the individual noise sources, which being statistically independent add up quadratically.
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[Images: ET Design Report Update (2020), content presentation adapted from A. Freise]

Each detector (red, blue and green) is split into two 
interferometers:
ET HF: high power operation, extend current technology
ET LF: optimise for low frequency and new technology 

6. Detector

This chapter will focus on the technical implementation of the detectors housed in the ET infrastructure.
The strategies, designs and techniques to meet the the unprecedented sensitivity of this new observatory
will be detailed.

6.1 Optical layout

10 km

Figure 6.1: Three nested detectors in a tri-
angular arrangement will form the final Ein-
stein Telescope geometry.

The Einstein Telescope will consist of three nested de-
tectors, which will be arranged in a triangular pattern as
shown in figure 6.1. In contrast to the traditional L-shaped
geometry of the first gravitational wave observatories this
arrangement is equally sensitive for both polarisations
of the gravitational wave. Additionally it shows a more
isotropic antenna pattern compared to the L-shaped de-
tectors with sky localisation possibilities. The overall
frequency range covered will span from 3 Hz to several
kHz.

Each individual detector in turn will comprise two inter-
ferometers, one specialised for detecting low-frequency
gravitational waves and the other one for the high-frequency
part of the spectrum. The sensitivity goal for each inter-
ferometer is shown in figure 1.10. Each individual interferometer has a dual-recycled Michelson
topology with Fabry-Perot arm cavities. This is a mature and well tested configuration currently
employed in second-generation detectors, such as the current Virgo and LIGO detectors.

This section describes the details of the ET optical layout, such as the laser beam sizes, beam shapes
and distances between optical components inside the arm cavities and central interferometer including
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6.1 Optical layout 95

Parameter ET-HF ET-LF
Arm length 10 km 10 km
Input power (after IMC) 500 W 3 W
Arm power 3 MW 18 kW
Temperature 290 K 10-20 K
Mirror material fused silica silicon
Mirror diameter / thickness 62 cm / 30 cm 45 cm/ 57 cm
Mirror masses 200 kg 211 kg
Laser wavelength 1064 nm 1550 nm
SR-phase (rad) tuned (0.0) detuned (0.6)
SR transmittance 10 % 20 %
Quantum noise suppression freq. dep. squeez. freq. dep. squeez.
Filter cavities 1⇥300 m 2⇥1.0 km
Squeezing level 10 dB (e�ective) 10 dB (e�ective)
Beam shape TEM00 TEM00
Beam radius 12.0 cm 9 cm
Scatter loss per surface 37 ppm 37 ppm
Seismic isolation SA, 8 m tall mod SA, 17 m tall
Seismic (for f > 1 Hz) 5 · 10�10 m/ f 2 5 · 10�10 m/ f 2

Gravity gradient subtraction none factor of a few

Table 6.1: Summary of the most important parameters of the ET high and low frequency interferometers.
SA = super attenuator, freq. dep. squeez. = squeezing with frequency dependent angle.

provide the required suppression of thermal noise to achieve the required low frequency
sensitivity would pose a strong challenge. Even though extremely small, the residual absorption
of the dielectric mirror coatings deposits heat in the mirrors which is di�cult to extract,
without spoiling the performance of the seismic isolation systems. The preferred solution
for this problem is a xylophone design consisting of a high-frequency detector featuring high
power and high temperature, and a low-frequency detector featuring low power and cryogenic
temperatures.

The xylophone concept was first suggested for the Advanced LIGO project, proposing to complement
the standard broadband interferometers with an interferometer optimized for lower frequency, thus
enhancing the detection of high-mass binary systems [284, 285]. While A xylophone will increase
the required hardware and therefore cost, this concept provides a sensitivity that would otherwise not
be achievable in practice.

The baseline for ET is a 2-band xylophone detector configuration, composed of a low-frequency (ET-
LF) and a high-frequency (ET-HF) interferometer. Both interferometers are Michelson interferometers
featuring 10 km arm length with an opening angle of 60 degrees. Due to their similar geometry both
detectors will share common tunnels. Table 6.1 gives a brief overview of the main parameters of
the analysed low-frequency (ET-LF) and high-frequency (ET-HF) interferometers. Figure 6.3 shows
sketches of the corresponding core interferometers and the filter cavities. The full layout of the the
central part of the two interferometers of a single ET detector is depicted in Figure 6.2.

6. Detector

This chapter will focus on the technical implementation of the detectors housed in the ET infrastructure.
The strategies, designs and techniques to meet the the unprecedented sensitivity of this new observatory
will be detailed.

6.1 Optical layout

10 km

Figure 6.1: Three nested detectors in a tri-
angular arrangement will form the final Ein-
stein Telescope geometry.

The Einstein Telescope will consist of three nested de-
tectors, which will be arranged in a triangular pattern as
shown in figure 6.1. In contrast to the traditional L-shaped
geometry of the first gravitational wave observatories this
arrangement is equally sensitive for both polarisations
of the gravitational wave. Additionally it shows a more
isotropic antenna pattern compared to the L-shaped de-
tectors with sky localisation possibilities. The overall
frequency range covered will span from 3 Hz to several
kHz.

Each individual detector in turn will comprise two inter-
ferometers, one specialised for detecting low-frequency
gravitational waves and the other one for the high-frequency
part of the spectrum. The sensitivity goal for each inter-
ferometer is shown in figure 1.10. Each individual interferometer has a dual-recycled Michelson
topology with Fabry-Perot arm cavities. This is a mature and well tested configuration currently
employed in second-generation detectors, such as the current Virgo and LIGO detectors.

This section describes the details of the ET optical layout, such as the laser beam sizes, beam shapes
and distances between optical components inside the arm cavities and central interferometer including

[Source: ET Design Report Update (2020),
text adapted from A. Freise]

The Einstein Telescope:
three detectors in a single triangular site.
A near-optimal configuration for a single-site
GW observatory in a cost-efficient and
prominent infrastructure!
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Underground
Cryogenics
Silicon (Sapphire) test masses
Large test masses
New coatings

Seismic suspensions

Large test masses
New coatings



The Einstein 
Telescope
• An European project

• Construction costs
• Start-up phase 1.2 billion euros
• Full expansion 1.7 billion euros

• Operating costs: 37 million euros/year

• Construction time: 8 years

• Lifetime: 50 years

• ET will create an enormous technology 
boost  and economic impact and

• will open an unprecedented view on the 
universe and revolutionize our 
understanding of the cosmos

NIKHEF, NL

EU Regio
Rhein-Maas

Sardinien

Lausitz?



[Slide from Achim Stahl, image: Nikhef]



What science can we do with ET?
Astrophysics
• Black hole properties

• origin (stellar vs. primordial)
• evolution, demography

• Neutron star properties
• interior structure (QCD at ultra-high densities,

exotic states of matter)
• demography

• Multi-messenger astronomy
• joint GW/EM observations (GRB, kilonova,...)
• multiband GW detection (LISA)
• neutrinos

• Detection of new astrophysical sources
• core collapse supernovae
• isolated neutron stars
• stochastic background of astrophysical origin
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Fundamental physics and cosmology
• The nature of compact objects

• near-horizon physics
• tests of no-hair theorem
• exotic compact objects

• Tests of General Relativity
• post-Newtonian expansion
• strong-field regime

• Dark Matter
• primordial Black Holes
• Axion clouds, DM accreting on compact objects

• Dark Energy and modifications of gravity on cosmological scales
• DE equation of state
• modified GW propagation

• Stochastic backgrounds of cosmological origin
and connections with high-energy physics
• inflation
• phase transitions
• cosmic strings
• …

[This list was taken verbatim from the talk by M. Maggiore at the 11th ET Symposium (2020)]

Also: ET will be a “discovery machine”, so expect the unexpected!

Einstein Telescope

„All“ BBH back to Big Bang
Nearly all BNS back to Big Bang

Many supernovae
View to the Dark Ages



¡ Lab of approx. (30 x 30 x 30) m3 size
at 200 m depth in Lusatia granite

¡ kilometer-scale 3D seismometer sensor array
Þ  Metrological validation of advanced full-scale seismic isolation 

concepts
¡ + nuclear astrophysics
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Photos: Tunnel 
/ cavern in Sos 
Enattos 
(Sardinia) 
during ET site 
workshop (Oct. 
2021)
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Low-Seismic 
Lab in 
einem 
seismischen 
KäfigInnovation platform with a size roughly (40 x 30 x 30) m3 

at a depth of 200m in the Lusatia Granite

With a square-kilometer size 3D seismometer cage

à Real-life validation of new seismic isolation concepts

• Technology development for gravitational wave 
astrophysics 

• Adaptive seismic noise suppression 

• Subnanometer microscopy and photolithography 

• Experiments for quantum computing

• Accelerator astrophysics



Deutsches Zentrum für Astrophysik
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• Germany makes outstanding contributions to astronomical research 
(Nobel Prize)

• European Southern Observatory (ESO) and European Space Agency (ESA) 
state treaties allow German astrophysics to play leading roles.

• In order to play a similar role also in new international large research 
projects, like the radio observatory Square Kilometre Array (SKA), the 
Einstein Telescope, or the Vera Rubin Observatory, requires new national 
structures that are not existing in Germany today.

• SKA is calling for regional data centres. The Einstein Telescope is looking 
for partners in Europe to set up large test and development centres for 
gravitational wave interferometers.

• The possibilities for German industry to participate in such tenders 
require institutional commitment.
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DZA concept : 3 pillars
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Astronomy

Square Kilometre Array 
Observatory (SKAO)

Einstein Telescope
(Low Seismic Lab)

Data Intensive 
Computing

Processing huge amounts 
of astrophysics data from 

all over the world

Innovative AI based and 
Smart Green Computing

Instruments

Developments for future 
astronomical experiments

Strong participation of 
Saxon industry

Interlocking of pillars è unique synergies

28.09.2023ngVLA event, mtex
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Audio band
1 Hz – 10 kHz
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aLIGO, aVIRGO,
KAGRA

SKA, Pulsar 
Timing

(Future) EM Obs. 
LSST, JWST, EELT

ET (proposed)
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Future EM obs.
LSST, JWST, EELT

SNR

joint EM-GW 
observations!
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We want to measure the relative proper motion of free-falling test 
masses and infer from that the effect of gravitational waves

¡ Disturbances at low frequencies
§ on ground: external displacements, external forces
§ in space: small forces on test masses

¡ Interferometry challenges
§ temperature, thermo-mechanical stability, dynamic range
§ readout noise

[Content courtesy of Martin Hewitson]
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And why all the trouble?
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Luminosity of a NSNS system 
(schematic), (Creative Commons)

Emission of GWs in  a double NS 
system (schematic), © NASA

„Chirp“ of two merging neutron stars
(© B. Owen, Penn State University)

Supernovae
(here: SN 1987A,© NASA)

Merger of two black holes 
(Simulation © AEI)

Extreme Mass Ratio Inspiral, 
(EMRI) (© NASA)

NS merger buried in detector noise 
(© https://ligo.caltech.edu/)

Crab nebula (NGC 1952, © NASA)

„Chirping inspiral“ of two 
black holes



e.g. in geodesy and gravimetry
Intersatellite laser interferometry gives information about changes in ground 
water level („Earth water cycle“) or about losses of ice masses on Greenland
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Observation of Earth‘s gravity field through satellite tracking
(german-US cooperation)
GRACE: with microwaves => GRACE-FO: with lasers!

250 km
40

0 
km
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But: water
is heavy!

Ground water is for „remote sensing“

Gravitation
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Water is one of the most 
critical geopolitical resources!
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