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Introduction / Context

 What does ‘Beyond the second generation’ mean?

— Let’'s assume: This means upgrades of second generation detectors plus the
third generation.

 When does ‘Beyond the second generation’ actually start?

— Honestly no idea. This will depend on plenty of factors (many of them might
not be of scientific nature), such as: What do the 2G detectors find? What is the
funding situation? How well are we prepared for these upgrades? ...

 However, independent of when it will happen, we have already quite a good
idea in which direction we will be heading.

« Please consider the choice of topics and content of this presentation as my
personal/subjective view.

« Some slides have an orange colour scheme: The questions on these slides
are in my view ‘hot topics’, which are essential to get a good feeling for.
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Overview

Let’'s do some time travel ...

» Let's find out how we can make the
second generation detectors even
better ...

Strain [1A/Hz)
3

 |Let's have a look at the Einstein
Telescope ...

M University
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Our Starting Point

Today: After
decades of hard
work the 1
generation is
completed.

2nd generation is
funded and
construction well
underway.

Let’s jump into
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Our Starting Point

Let’'s assume for
the rest of the talk 1\ I A — T
that we are in the i AurigaH
year 201X and 7] \l
have the following LIGO
situation: - |
3 Advanced LIGO | & 107} —N X -
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Our Starting Point

Let’'s assume for

the rest of the talk —— T\ S — —
that we are in the : \ \ AurigaH
year 201X and - \l

have the following LIGO
situation: f
3 Advanced LIGO 107 \ . p
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5l Advangced Virgo
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advanced LIGO

detectors (hope-
fully one in
Australia) +
Advanced Virgo + ;
GEO-HF and 1021
LCGT at design i
sensitivity.
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Our Starting Point

Let’'s assume for
the rest of the talk
that we are in the
year 201X and
have the following
situation:

3 Advanced LIGO
detectors (hope-
fully one in
Australia) +
Advanced Virgo +
GEO-HF and
LCGT at design
sensitivity.

First detection has
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What is this talk about ?

 Upgrades of

the advanced \ S R I

1 . . =
detectors are _ 11 | Auriga 1 5
currently under 107 ! \ L 83

. . . E ] (@)
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What is this talk about ?

« Look at the

limiting noise i ‘1 o
sources in the : } \l Auriga S
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orange band. 107 \ S 3
5 i LIGO ea
* What : ] s
. = L € —
techniques do ¥ 02 \ | . 29
we need to £ LCGT \9& 29
apply and = | N\ _ 55
develop to dig £ 102 '\ Advanced Virgo EE
. g : \ S <
into the orange ] ; \\\4 § =
band? 3 “S~a_Advanced|LIGQ =
1021 LIGO-3[~~~——" N 00
? Einstein| GW So
C — . n ©
: Telescope 0 5
10'25 L L L L Ejg
1 10 100 1000 10000 < S

Frequency [Hz]
M Universit . . .
OfGlangV\yf S.Hild, Amaldi 2011, Cardiff Slide 8




Overview

Let’'s do some time travel ...

‘. Let’s find out how we can make the ; h
second generation detectors even
better ... )

\_ Y,

 Let's have a look at the Einstein

Telescope ...
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Noise Sources limiting the Advanced Detectors

* In order to understand how we can potentially improve 2G detectors, we need to
see what they are limited by:
AdV Noise Curve: P, =125.0W  BNS optimised Broadband AdvLIGO Noise Curve: P, =125.0 W
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« Quantum Noise limits most of the frequency range.
« Coating Brownian limits (or is close) in the range from 50 to 100Hz.

« Below 50Hz we are limited by ‘walls’ made of Suspension Thermal, Gravity
Gradient and Seismic noise.

™ University
of Glasgow
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What is quantum noise?

* Quantum noise is composed of photon shot noise at high frequencies and
photon radiation pressure noise at low frequencies.

« The photons in a laser beam are not equally distributed, but follow a
Poisson statistic.

wavelength
X A Vv
hew (f) = 1/ hc)\/
time > L,\ 27 Pep— optical time
- power
< ded Mirror{nass Arm length
uspende
Laser mirror[ , (f) \n 1 BP Laser
= ' N P mf2LV 2me) E
= Photodiode
photon radiation pressure noise photon shot noise
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GEO-HF upgrades

GEO-HF design sensitivity: St Recveling I L
ignal Recycling mirror - u
20kW (3OW Iaser)’_ 6dB couples shotnoise and s s
squeezing, 10% Signal radiation pressure noise ~
Recycling mirror.
« Potential upgrade 1: Increase formsrenmseenbneeee oo O antum noise 20kW |11
cavity power to 200kW, which | [T {1 |7~ ~Quantum noise 200kW [ ]
. PR I Sttt poomome- +---|=——sum technical noise  -4--H--{i-1-
requires 200 to 300W input. | | —Total noise 20kW 1|
— Radiation pressure increased but A ’ . 4L
still hidden below other noise sources

« Potential upgrade 2: new mirrors
with better coatings

— (Due to beam sizes coating noise
dominated by MCe+MCn)

h(f) / Hz'"

« Potential upgrade 3: Any chance T T T  Caating Brownian
to increase the squeezing level? 102 10° -
Data: Dmitry Simakov
Frequency [Hz]
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How small can we really make the squeezing losses?

« Squeezing degenerates quickly through losses!

20

* GEO-HF design: 10dB squeezing S
after source + 20% of SqueeZ|ng loss Se ot antisqueezed vacuum noise ©

(from injection and within the
interferometer) result in 6dB total
noise reduction.

10F F
st L

vacuum noise (@)

0 -

Noise Power [dB]

« Even if we were to start from 18dB T :

) . 10 —/- squeezed vacuum noise
after the squeezing source, with 20% . / _
loss we would only increase the mage: H. Vahlbruch
overall squeezing win to 7dB.

-20 L I | I |
-8.6 -5.6 0 10 20 30 40
Introduced additional loss [%]

« How much effective squeezing we can achieve in any 2"d or 3"
Generation detector, will probably not be limited by the squeezing
source itself, but by the level of losses in the squeezing injection
system and the main interferometer.

Un1vers1ty . . . _
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Advanced LIGO with squeezed light

[ NoSqueezing '\ NoSqueezing | / With Phase Y With Phase )

.. GW 4 Squeezing Squeezing
« Advanced LIGO limited by both: Shot e o |
noise and Radiation pressure noise. c e ] wp
 Therefore injection of ‘simple C e ‘ ve | [ g [ l --- e

squeezed’ light will improve sensitivity
on some frequency range and degrade
|t at Other frequenC|eS s  Quantum Noise with 6 dB Sqz, 10 dB anti-Sqz, 15% total losses
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Advanced LIGO with squeezed light

Advanced LIGO limited by both: Shot
noise and Radiation pressure noise.

Therefore injection of ‘simple
squeezed’ light will improve sensitivity
on some frequency range and degrade
it at other frequencies.

Solution: Use dispersion in reflection of
a filter cavity to create a frequency
dependent rotation of the squeezing
ellipse.
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Potential Improvement
from 212 to 363 Mpc

(quantum noise only considered)

= 0° 204 Mpc
= 10° 230 Mpc
== 20° 227 Mpc
30° 219 Mpc
=== 40° 211 Mpc
~==50° 202 Mpc
60° 191 Mpc
70° 177 Mpc
= 80° 153 Mpc
90° 117 Mpc
= allGO 212 Mpc
== alIGO+ 363 Mpc

Frequency (Hz)
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Use of alternative beam shapes in Advanced Virgo?

»
3
=)

Several alternative beam shapes DOE

(flat top, conical etc ) have been
suggested.

pos. [m]
A O RN 2 0 = N W a

All improve coating Brownian noise
by distributing the power more

homogeneously over the mirror R PR T m
surface (for the same clipping Ioss) Granata, M.; Buy, C.; Ward, R. & Barsuglia, M. Higher-Order
. Laguerre-Gauss Mode Generation and Interferometry for
and therefore better averaging Gravitational Wave Detectors, PRL 2010, 105, 231102
over the local thermal fluctuations. x10° x10°
6
Higher LG modes allow to work )
with standard mirrors (spherical )
ROC). £, O .
3 g
Higher order LG modes included 2 '
. . -4
as upgrade option in Fhe Advanced N oo s
Virgo conceptual design.vir-042A-07 n . :
pos. [m] x 103 pos. [m] x10°

M University . . . _
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Potential Sensitivity Improvement of Advanced Virgo

with LG,, beams

Switch beam geometry from
TEM,, to LGg;,

Requires mirror replacement
(different ROC)

Reduces coating Brownian by
a factor 2.2.

Vinet: personal communication

Reduces substrate Brownian
by a factor 2.7

Mours, B.; Tournefier, E. & Vinet, J. Thermal noise reduction in

interferometric GW antennas: using high order TEM modes,
CQG, 2006, 23, 5777

Increases thermo-elastic by a
factor 1.7

Vinet: personal communication

University
of Glasgow

= Quantum noise
= = =TEMO0O: Coating Brownian noise
- LG33: Coating Brownian noise

= = =TEMO0O:Total noise
- LG33: Total noise

~ -

Strain [1A/Hz]

Frequency [Hz]

BNS Inspiral range increases from 148
Mpc to 195 Mpc => increase of event rate

by a factor 2.3

Chelkowski, S.; Hild, S. & Freise, A.: Prospects of higher-order Laguerre-
Gauss modes in future gravitational wave detectors, PRD, 2009, 79,

122002
S.Hild, Amaldi 2011, Cardiff
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Will non-TEM,, beams ever become good enough?

Simulations done by various groups (LMA, Caltech/ANU, Bham) indicate that
with currently available mirror surfaces LG33 might become too much
distorted for application in future gravitational wave detectors.

R. Adhikari’'s at GWADW 2010 M. Galimberti at GWADW 2010

Need to confirm simulations with experiments (see talk by B. Sorazu in
Monday session).

Need to define minimum requirements for mirror surface quality (see talk by
C. Bond in Monday session)

Can we improve surface quality to the required value?

Umver51ty
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 LCGT will be the only
second generation
detector which:

— Is located underground
=> strong reduction of
seismic and gravity
gradients.

— Will make use of
cryogenic test masses.

For details on LCGT
please see K.Somiya’s
talk in the Tuesday
session.

Universit . . .
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Other techniques for 2G upgrades

Gravity gradient noise:
— Gravity gradient subtraction methods have been suggested.
— For more details please see J. van der Brand'’s talk in this session.

Suspension thermal noise

— Several improvements suggested (different materials, design
modifications, perhaps even different temperature).

— For more details please see G. Hammond’s talk in this session.

Seismic noise
— Better sensors, especially for tilt.

Quantum noise

— Loads of other quantum noise reduction techniques have been
suggested.

— Please see talk by T. Corbitt in this session for more details.
&7 Universit . . .
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How far can we push 2G upgrades?

« Let's take advanced LIGO as an example:

Input Filters? Output Filters?

10dB Squeezing Injection w/ a lossy 100m input filter cavity 4km Output Filter Cavity w/ Freq. Independent 10 dB Squeezing
‘: — Quantum Vacuum ] ‘: —— Quantum Vacuum ]
21 : —— Seismic 21 : —— Seismic
10 H —— Gravity G (vox C: ) 10 : —— Giravity Gradients (10x Cancellation)
: — Su.pcnuoﬂ thermal (20K Si Blades + Fibers) 5 — Suspension thermal (20K Si Blades + Fibers)

—C wGss ) H —— Coating Brownian (LG33 beams)
cowng WDC :

Substrate Brownian
-=== Excess Gas
= Total noise

<
= ] o
= = o
-—

Q)

@)

o

-

=

@©

=

£

. ©

10’ 10° 10° <

Frequency [Hz] Frequency [Hz] 18 m

« Studies indicate that there are lots of possibility for potential upgrades.

Umver51ty . . . _
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Where are the 2G facility limits?

AdvLIGO Noise Curve: Pin =125.0 W

« To determine the actual facility limits we
have to understand on which parameters
the different noise sources depend.

i e
Quantum noise
=== Seismic noise
Gravity Gradients H
=== Suspension thermal noise ||
== Coating Brownian noise
= = = Coating Thermo-optic noise}

= = = Substrate Brownian noise [

- Quantum noise: Laser power, Signal R e
recycling configuration, quantum noise & fo
reduction technique ... S
107 Ees

« Coating noise: materials, beam shape, ‘ 1 B SR
beam size, mirror temperature ... Frequency [ LIG0-T070247

AdV Noise Curve: PI n= 125.0 W

» Suspension thermal noise: materials,
dimensions, temperature ...

L | L ] L |
j — Quantum noise
.7.71 — Gravity Gradients
| | || — Suspension thermal noise
_#-| — Coating Brownian noise
- ~| - - - Coating Thermo-optic noise
'~ /. .| - ~Substrate Brownian noise
- Excess Gas
" o —AdV total noise
. . e 0\ N\t .\ 11| 1 - - - Virgo sensitivity
* Residual gas noise: Vacuum system. EISCEBEEEEE FENES SauEa:
- - >“!‘g_':j' _»:::—c __b-hﬁl:

————————————

« Gravity gradient: seismic environment.

« Seismic noise: Isolation system, seismic
environment.

Strain [1VHz]

== =t

Frequency [Hz] 1 VI R—027/—\1—009

™ University | _ _
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Where are the 2G facility limits?

* One (crude) way to set the facility limit is just to take gravity gradient and
residual gas noise. ...very optimistic for coating :)

AdV Noise Curve: Pin =125.0 W AdvLIGO Noise Curve: Pin =125.0 W
=3 =3 =TT ===k = L [ [TLLI L L=
—--tc-Zlzcdzizizidfz -z z-Ez Quantum noise a
ICZtCZlzZzlzie!id D D ok o | =Seismic noise
oot E - - - [ - |=Gravity Gradients i
10 e 4 — = 4 —|— =~ 4 - — — — y — | = Suspension thermal noise ||
) I [ I === Coating Brownian noise
L I 10 ¢ N--L---Jd--iil L |-~ - Coating Thermo-optic noise
e s I S o o S - wrmegeryon o CooMNCCPTooiSEEniiSoEf|- - - Substato Browniannoise |
R\ Vs et e S ; ! gy i o o s b xcess Gas
N S - \\\\ VO T S S B N . Gravity Gradients z Dl L - J_1_i_1J1| _ _ _ L _ | = Total noise
E - Suspension thermal noise - R NS T (R
= 10 /| — Coating Brownian noise PR L
T A AN\ - “---d--d-d-2f77- - - Coating Thermo-optic noise( | | '® 10 ~ Frw= SR e
& [CoIIoT = - __ -2 777|" - - Substrate Brownian noise ] FEECH == -3IF=czzEtz=Z:ct
————— - Excess Gas rrrm
| i e
— AdV total noise I
[
_24 B —24[° &
10 RN S et s x . = g g S rCroiCrorrd 10 FEFIS JZZNIFEz-zzEzZdzF s === F=ZE]
—————————— F+rFia ]
AN VAL VIR [ CCCJf-fy-1-C
----- 1 A WL VI I I I ! o) Ll W T —
1 2
10' 10° 10° 10* 10 10 10°
Frequency [Hz] VIR-027A-09 Frequency [Hz] LIGO-T070247

« Need to find a more accurate definition of what the facility limits are and where
they lie. --- Separate analysis for each project.

™ University | _ |
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Overview

Let’'s do some time travel ...

» Let's find out how we can make the
second generation detectors even

Strain [1A/Hz)
3

better ...
4 | _ _ N
 Let's have a look at the Einstein
Telescope ...
\_ J
M University . . . _
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ET Design Study (history)

The Einstein Telescope project aims to e 9 =
the realization of a third generation GW

S SRS kan"‘ﬁ, Lt
‘ ies ep \A/

observatory. R e St
_ _ - i =
* The Einstein Telescope project just Py
finished its conceptual design study Jj’ﬁ/“—“\f“
phase, supported by the European B
mmunity FP7 with M€ from M .
Community th about 3M€ fro ay Participant Country
2008 to July 2011.
EGO Italy/France
 The target of this design phase was to INFN =y
understand the feasibility of a new
. . MPG Germany
generation of GW observatory that will
. . . . CNRS France
permit to gain one order of magnitude in
S ensitivity. University of Birmingham UK
: : University of Glasgow UK
« The main deliverable, at the end of these ! 2
. : Nikhef NL
3 years, will be a conceptual design of — —
such a infrastructure. Cardiff University

4»; mver51ty . . . _
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ET Science Team (~250 Scientists)

Participants per NON-Beneficiary

Washington State University

University of Southampton

University of Sheffield

University of Minnesota

Universiteit Van Amsterdam

Universitat Autonoma de Barcelona

Universita degli studi di Trento

Tuebingen University

The Royal Observatory

SZEGED

Raman research institute

Nicolaus Copernicus Astronomical Center
Moscow State University

MIT

Melbourne University

Louisiana State University

LIGO

KFKI Research Institute for Particle and Nuclear Physics
Institute for Astronomy, University of Cambridge
ICRR University of Tokyo

Hungarian Academy of science

GGKI

Friedrich-Schiller-Universitat Jena

Ege University

Deutsches Elektronen-Synchrotron

Dearborn observatory (NorthWestern University)
Cork University

CERN

CALTECH

British Astromomical Association

A

*ié

[t ]

University
of Glasgow

Participants per Beneficiary
VU; 7

~ UNIGLASGO
/ W; 35

10 12
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ET Design study now complete!

Author list: ET Science Team

M Abernathy’, F Acernese’?, P Ajith®, B Allen®, P Amaro-Seoane™*, N Andersson®,

8

Elnsteln g rOVItG“OnOI wave TG|CSCOpC S Aoudia®, P Astone®”, B Krishnan®, L Barack®, F Barone®*, B Barr!, M Barsuglia®,
M Bassan™', R Bassiri', M Beker N ButndgtI M Buuuard 2, CBond™, S Bose',
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SHuttner’, Blyer®, 1Jones®, G Jones', | Kamaretsos®®, C Kant Mishra®, F Kawazoe®,
F Khalili**, B Kley!® Kl\uke\«una” K Kokkotas®, S Kroker'®, R Kumar®,
K Kuroda®!, B Lagrang ] ,TGFLi'"", M Lort u/nu“ G Lusurdo' T H Lu(-( .
E Majorana®, VMalv o I\Idud( 12,V Mandic®, S Marka™, F Marin®, F Marion?",
JMarque'”, I Martin', D Mc Leod®, D Mckechan®®, M Mehmet*, C.\Il(hvl”’.
Y Minenkov?, N Morgado®, A Morgia”, S Mosca®?! L Moscatelli®, B Mours?”,
H Miiller-Ebhardt®, P Murray®, L Naticchioni®', R Nawrodt’®, J Nelson!, R O' Shaughnessy™,
CDOu*, CPalomba®, APaoli'", G Parguez'”, A Pasqualetti'”,
R Passaquieti’®, D Passuello’®, M Perciballi®, F Piergiovanni**3*,
L Pinard*', M Pitkin!, W Plastino**, M Plissi', R Poggiani'®, P Popolizio'”, I Porter®,
M Prato®, G Prodi®®®, M Punturo''”, P Puppo®, D Rabeling®’,  Racz*®, P Rapagnani®’
VRe?, JRead", T Regimbau®", H Rehbein®, SReid’, L Rezzolla™,
F Ricei®7, F Richard'?, A Rocchi”, R Romano?®, S Rowan’, A Ridiger®,
A Samblowski®, L Santamarfa™, B Sassolas®', B Sathyaprakash®, R Schilling’,
P Schmidt®®, R Schnabel?, B Schutz?**, CSchwarz'®, J Scott!, P Seidel'®, A M Sintes™,
K Somiya®, CF Sopuerta®, BSorazu', F Speirits’, L Storchi’® . KStrain', §Strigin®, P Sutton™,
S Tarabrin®, B Taylor!, A Thiirin®, K TokmakU\‘ \ITum 11i*%! H Tournefier*”
R Vaccarone'”, H Vahlbruc , JF Jvanden Brand'**, C Van Den Bruuk” S vander Pul en!
M van Veggel! i 20 l"\(lr}mu /
D Walloled2 R W 1w

Available at:
http://www. et “gW. eu/etdsdocu ment

taly

:h

alerno, Italy
4t Hannover, D-30167 Hannover, Germany
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The ET Footprint

- As ET is a new infra-structure Single L-shaped IFO Tr‘a“91§,9‘3\'FOS
we can start from scratch. . : =

« What to see the full sky.

 Want to resolve both
polarisations.

-

« Want to have redundancy.

1 Triangle vs 4 Ls:

— Both have 30km integrated
tunnel length

Freise, A.; Chelkowski, S.; Hild, S.; Pozzo, W. D.; Perreca, A. & Vecchio, A.
CQG, 2009, 26, 085012 (14pp)

a) b)
— Both resolve both polarisations A
and offer redundancy.
— Both give equivalent sensitivity. | ' —

— Triangle reduces the number of
end stations.

« ET will be a triangle.

Triangle first proposed: 1985, MPQ-101. W.Winkler, K.Maischberger, A.Rudiger, R.Schilling,
L.Schnupp, D.Shoemaker,: Plans for a Large Gravitational Wave Antenna in Germany
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ET will ‘go underground’

 Measurements show that underground locations have much lower seismic

compared to Surface locations.

horizontal seism [m/sqrt{Hz)]

5 spectral seismic noise at Virgo WEST building
10 T ——— . T
==+ environmental seism NIGHT
== environmental seism DAY
“ o —— noise from IL FALDO, model 1 (wind 8 km/h)
10°% b FARY 7 -, — noise from IL FALDO, maodel 2 (wind 8 km/h)
NEEAA YN — noise from IL FALDO, model 2 {wind 40 km/h)
N e [N
Nt "-.:'.‘1,“.
107 L A5,
10° b
C Y/
0 \_// N
107 F Y
10
0°F Fiori et al:
L NOT-PIS-1390-317
10" 10° 10'

frequency [Hz]

-4
10 . Black Forest
s S £
10 mioka = B
-6 s cC
10 N i (g g
e 10_7 h - -“‘."_ .:" = o @
“ " .0
= 10 \ * g wn
E 10 5 )
g 1010 - =
8 S Low Noise Model ) © —
g 10 . i " h D 8
A 1024 RS
E : @©
1013 4 d .Y S CCDE
14 3 Seismometer Noise Level s
100 3
-15
10 I T TrrTrTTT TrrrTTrT T TrrTrTTT T TrrTTTT
0.01 0.1 1 10 100

Frequency (Hz)

Figure 7. Low seismic noise environment at the Kamioka site. Displacement noises at Kamioka,
TAMA site, Tokyo, Black Forest Geophysical Observatory (Germany) and a low noise model

(a hybrid spec

trum of quiet sites in the world) are described.

Surface (Pisa)
about 1-10=7m/f2 for f > 1Hz

M University
of Glasgow

Underground (Kamioka)

about 5-1072m/f? for f > 1Hz
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Il ‘go underground’

Horizontal spectral motion at various sites
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Xylophone Concept

As our detectors become more and more complex and at the same time aim
increase even further the observation bandwidth the xylophone concept
becomes more and more attractive.

The xylophone concept was originally suggested for advanced LIGO:

R.DeSalvo, CQG 21 (2004) S1145-S1154
G.Conforto and R.DeSalvo, Nuc. Instruments 518 (2004) 228 - 232
D.Shoemaker, presentation at Aspen meeting (2001), http.//www.ligo.caltech.edu/docs/G/G010026-00.pdf

Allows to overcome ‘contradicting’ requirements in the technical detector
design:
— To reduce shot noise you have to increase the light power, which in turn will reduce the
sensitivity at low frequencies due to higher radiation pressure noise.

— Need cryogenic mirrors for low frequency sensitivity. However, due to residual absorption it
is hard to combine cryogenic mirrors with high power interferometers.

For ET we choose the conservative approach (designing an infrastructure)

and went for a 2-band xylophone: low-power, cryogenic low-frequency
detector and a high-power, room-temperature high-frequency detector.
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The ET core interferometers

ET-CEETD [ ET-C/ET-D
Low Frequency High Frequency

EMy

Opening angle = 60 deg Opening angle = 60 deg

IMx EMXx IMx EMx

Laser
1550nm SRM

Laser

1064nm SRM

Filter cavity 2 Filter cavity 1

] o]
Squeezer  pp : ; ; (o
Filter cavity 1
N . s i s = W . is o Squeezer
. 8 I, s -- [ i JIG I8l >4 )
[ Optical element, Optical element, Laser beam 1550nm
ﬂ Fused Silica, Silicon, Laser beam 1064nm
\ room temperature CryogenicC . ecececececccces squeezed light beam
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The High-Frequency Detector

* Quantum noise: 3MW, :
. . == =Qu i
tuned Signal-Recyling, ) o Seremio o
i 107 = = = Gravity Gradients
10dB Squeezing, 200kg : - - = Suspension thermal noise
mirrors = = = Total mirror thermal noise ™
: Excess Gas o
. -22 o ET_HE- : <
« Suspension Thermal = 107 ek T Totalnoise = [
. . T M :::CZZIZIIEIE g
and Seismic: z SEEEELI I &
Superattenuator £ 102 Ll S
PeTETEREE - s o
* Gravity gradient: No @ e pasl R ]
Subtraction 102 __ ga'z;a'lgg 3
. - —caa3z1od S
« Thermal noise: 290K, SRS SR
. T T TATS o
12cm beam radius, fused 107l 1 1‘%
Silica, LG33 (reduction | (;3" = ’“”1’0.
factor of 1.6 compared to Frequency [Hz]
TEMOO).

Coating Brownian reduction factors (compared to 2G):
3.3 (arm length), 2 (beam size) and 1.6 (LG33) = 10.5

4l Unuversity S.Hild, Amaldi 2011, Cardiff Slide 33
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How large can we actually make beams

« Coating noise decreases inversely to
beam size increase.

0.2 T T I

4kBT d Y’ Y . 10km arm cavity
S — o with symmetric ROCs
N | A TP
beam radius on mirror §m /'“’15 - OUIdU' b
3 =>71ZCcm radius
* Have to answer the question: How big : \‘/
can we actually make the beams on Y
the test masses, without obtaining \
unstable cavities or strong dark fringe N
degeneratlon? o'%oo 5500 6000 6500 7000 7500 8000 8500 90100 9500 10000

ROC [m]

* Question also interesting for 2G
upgrades. Please note: a beam radius of 12cm

e See C. Graefs talk on this topic regarding requires mirrors of 60 to 70cm diameter
the experimental program at the AEI-10m.

™ University | _ |
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The Low-Frequency Detector

« Quantum noise: 18kW, —

| . e
detuned Signal-Recycling, o~ P77 1771 | = = = Seismic noise
T b=t =1 = = = Gravity Gradie :
10dB frequency dependent "0 ESEFETTEEEEE LD susponsion hemainoisell |
squeezing, 211kg mirrors, e AR S g "'E,m'{;’;’;"”f'“"“““: 2
1550nm g‘ 10 § _______ = ET-LF: Total noise §
« Seismic: 17m Superattenuator IS CITCIIC]IIIIIIINICITON] | S
: : € 10 o
« Gravity gradient: - e _ §
Underground, Black forest [CIIDCIICT TIIIioipAhoooal |
location 10-2";';; gggigég ______ g
. s SRR e o SI P AR ET SR I B
* Thermal noise: 10K, Silicon, e farioaoal |
9cm beam radius, TEMOO. 10 EE55%:5"?%ééé:@’éﬁﬁé‘%f&?'gii??fii?ﬁ
. : : 10° 10’ 10°
S.u.spen_smn Thermgl. 3mm Frequency [Hz]
Silicon fibres. Penultimate , _ m—
mass at 2K As mirror TN is no longer limiting, one can relax the

assumptions on the material parameters and the beam
size...
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Gravity Gradient Noise

Q2 2 2
N"f)2—4-'d 'GPy X2
GC( — L?‘ . f4 " 4Ageis?
« ET-D considers very quiet
underground site (about 5e-10/ EEEEEEEE E == ET-8 total noio
—————d ——— 4+ - ET-
f2*m/sqrt(Hz)) at Black Forest. Y S i o « Gravity Gradionts i<1.2
+ Please note: _ ZEEREEEEE10 araviy radiontsf0s || | O
N g 1= = = Gravity Gradients =0.15 S
— ET measurement campaign %10—22 ©
showed several sites on the g =
same level or even better than = = S
the Black Forest Observatory ® 10 S
site (see talk by Jo van der 7 -
Brand in this session). 107 s
— Biggest uncertainty in beta. fj
107
10
Frequency [Hz]
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Suspension Thermal Noise

« Silicon fibers of 3mm =22525C35EE £ 3 mmmET-C total noiso
diameter and 2m length Rl W e~ LU
) 10 SS¥SSSSSEEEDF=S=SSSESISEIIEIEF===SI==
— = ¥CTICACEFFATSCCAZCEICIIFFRISCCDES
« Test mass temperature = R e e ot S e s s 3 K S == ©
D e ===d=c=ES=t 3t EE === 3
10K . EENNEEESEEEFAFE=EESESESEFFEEFSEE5EE S
= e e Sl el e o o = F e Bl = e e o = et e
. ; _— - B ol o o o B e B ] o o o o B e P g
° Penulltmate mass E.'o-zs ---I- RN I |__| -I-I 11 ----I-- N
t t = 2K @ éééféé:_ =EE§E §§§§§§E§:§§§§§F§§§§:§§ 5
emperature = = T AN TAT T AT A T T I T 8
£ 10 EEEEEEEEE === SE==S== g
[ =S5355353:F SEEE S S T SRR O
(7] b S D w5 N A (e f L wn i iy ol
10_5 I L R USRS BA I "q__;
- | o Phvsice: Cont o SES3S5SSSCEERF oA E ST FEG SIS S= 5 S
- P. Puppo, Journal of Physics: Conference Series —=c-rcozacccrofs-czac-ccoocrarod=igdons =
228, (2010) 012031 I N W] ARV 4 11 (8 %
» P. Puppo and F. Ricci, General Relativity and SSS3SS5S3ScErat=SS3SSEESE3E
Gravitation, Springer Netherlands, 2010, 1-13 ..o e, oo G, 1
* F.Ricci, presentation at GWADW 2010,Kyoto. 10077 P S S S P S S R L
Available at:http://gw.icrr.u-tokyo.ac.jp/gwadw2010/ 10° 10’ 10°
program/2010_GWADW _Ricci.pdf Frequency [Hz]
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Quantum of Low-Frequency detector

 Employs detuned signal recycling => needs
two filter cavities.

« Required parameters for filter cavities e
challenging: Detuning of 25.4Hz and 6.6Hz ,o-a:::_\' T
and half bandwidths of 5.7Hz and 1.5Hz. -

* To achieve such low bandwidths very long
and/or very high finesse cavities are
required.

094013

1 LI I B B I |

—L-d_tiiu]- o

1 LI I O B I )
28

Strain [1/vHz)

>
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I

1

1

1

'-l

1

'-l

1

1

|

U
Strain

S.Hild et al, CQG 2011,

[ ]
S L R E .
L

T T TATTTT T T M
[ -l U R Sy |

i = Quantum nolse with realistic fliter cavities

product of roundtrip losses and filter cavity b

« Total losses at resonance frequency are the

finesse. 10° 10° 10°
Frequency [Hz]

 For ET we decided to be conservative:
Assumed 37.5ppm loss per mirror and filter
cavity lengths of 10km. Still at 7Hz the 10dB
of squeezing are degraded to less than 3dB.

M University
of Glasgow
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How short can we make filter cavities?

 If we go for shorter filter cavities we can
reduce the beam size and therefore

maybe also the scatter loss. Which in ' ]
turn would allow to increase the finesse | °[ P b0 — |
of the filter cavity ... _ :__/ = P

« So we need to understand how the “ ol "‘\t\‘ A
losses of a cavity scale with the length of | £ . AN
the cavity for realistic curvatures and g 4 NS AP
state of the art surface quality. L / /// / \\ A\\\\

A second point that needs to be 1: A \ Za SN
addressed is how accurately we can hit 1 oot Plot A Thuerins
the required bandwidth? Does the
required bandwidth change over time ghe frgqgencty dlepsnclient sqyetehzir}g:tcan be_zt_
(dirt accumulation on mirrors)? Dowe (S0 i Hiso by deviations from the desigr
need to use etalons rather than fixed bandwidth of the filter cavities (other colours).

mirrors in our filter cavities?

™ University . . . _
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The Low-Frequency Detector

 Quantum noise: 18kW, e
. . ke ehrintariairie = = = Juantum noise
detuned Signal-Recycling, 10 o~ P77 1771 | = = = Seismic noise
T b=t =1 = = = Gravity Gradie :
dB frequency dependent "0 ESEFETTEEEEE L Csusponsion tomatnoisell | .
squeezing, 211kg mirrors, = T  ess can o | S
107 b L L L = ET-LF: Total noise o
1550nm. 5" F 2
« Seismic: 17m Superattenuator IS CITCITCQIIIIIIINICITNNG] | S
- -23 N
* Gravity gradient: }:10 FEEEEE R 1|3
Underground, Black forest [CIIDCIICT TIolisoipAhoooal | S
location 107> siaisis ______ -
CoSZO3s-S I35 :E
= ' e u Suibs Sunbe Sl sl ol & oty (o L ;
« Thermal noise: 10K, Silicon, S il I
9cm beam radius, TEMOO. 10 EE5535"%%.52"5:‘5’é??ﬁé‘%‘—"é?'gé‘?i??fiﬁ?ﬁ
. : . 10° 10’ 10°
S_u.spen.smn Thermgl. 3mm Frequency [Hz]
Silicon fibres. Penultimate
mass at 2K As mirror TN is no longer limiting, one can relax the

assumptions on the material parameters and the beam
size...
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ET Sensitivity evolution

Parameter ET-D-HF ET-D-LF

Arm length 10km 10km

Input power (after IMC) 500 W 3W

Arm power 3MW 18 kW
Temperature 290K 10K

Mirror material Fused silica Silicon

Mirror diameter / thickness 62cm / 30 cm min 45 cm/ TBD
Mirror masses 200kg 211kg

Laser wavelength 1064 nm 1550 nm
SR-phase tuned (0.0) detuned (0.6)

SR transmittance 10% 20 %

Quantum noise suppression freq. dep. squeez. freq. dep. squeez.
Filter cavities 1 x 10km 2 x 10km
Squeezing level 10 dB (effective) 10 dB (effective)
Beam shape LGa3 TEMgo

Beam radius 7.25cm 9cm

Scatter loss per surface 37.5ppm 37.5 ppm

Partial pressurefor HoO, Hy, No 1078, 5-107%,10° Pa  1078,5-1078, 107° Pa
Seismic isolation SA, 8m tall mod SA, 17m tall
Seismic (for f > 1Hz) 510710 m/ f2 5-10719m/ f2
Gravity gradient subtraction none none

10

Strain [1/sqrt(Hz)]
=

O IO RIFI=EZZED :
I3 RFISCSCIED —ET-B I
:::::L::::::QZ:::::E :i —ET—C(Xonphone)Z
it Bl Bt I | il i || === ET-D (Xylophone)
_22 | I | | | T T TTTIT]0 | [
cocdz-odzizidtidlzzzczzizEEdEiE 2 £ dd 2B
bbb e b e e i o
S T o e Ny O A B A RO R B R
-t == — == k=l = =4 =+ 4 44 HH
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Lo Ly l Lo d 4Ly
e | [
Ll 1 [

C Lo IZra33109
COOFZZIZ20031 04
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10 10 10 10 10

Frequency [Hz]

« Data from ET-LF and ET-HF can be coherently or incoherently be added,
depending on the requirements of the analysis.

« Sensitivity data available for download at: http://www.et-gw.eu/etsensitivities

«  For more details please see S.Hild et al: ‘A Xylophone Configuration for a third Generation Gravitational Wave

Detector’, CQG 2010, 27, 015003 and S.Hild et al: ‘Sensitivity Studies for Third-Generation Gravitational Wave
Observatories’, CQG 2011, 28 094013.
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How to build an Observatory?

Einstein Telescope

Xylophone
o For eﬁICIGnCy reasons Each detector (red, green and blue)
b . Id ‘t . I consists of two Michelson inter-
ferometers. The HF detectors need
u I a rl a n g e - one filtercavity each, while the LF

detectors require 2 filter cavities
each due to the use of detuned

« Start with a single Sianal recyciing
xylophone detector.

10km
Eep——

_____________________ i
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How to build an Observatory?

Einstein Telescope

Xylophone
o For eﬁICIGnCy reasons Each detector (red, green and blue)
b . Id ‘t . I consists of two Michelson inter-
ferometers. The HF detectors need
u I a rl a n g e - one filtercavity each, while the LF

. . detectors require 2 filter cavities
« Start with a single Sanal recycling. e
xylophone detector.
« Add second Xylophone

detector to fully resolve
polarisation.

10km
B I

om
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How to build an Observatory?

o
S
Einstein Telescope ’ S
Xylophone n{ L
« For efficiency reasons
y Each detector (red, green and blue) ””Il I Grn-LF
consists of two Michelson inter- ” S X

. . 7%
build a triangle. onetes et N
detectors require 2 filter cavities ” rn- &\&

° Start Wlth a Slngle siagcrgldfei)t/cé”t:;use of detuned
xylophone detector.

« Add second Xylophone
detector to fully resolve
polarisation.

« Add third Xylophone

7/
detector for redundancy &
and null-streams. S
Re-LF
o e
q:g University . . . |
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Artist’'s View of ET










ET Conceptual design,

Teciéwnica design

ET Site and infrastructures realisati
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Thanks very much for your attention!

Thanks to all the people who contributed to the content of this presentation.
Special thanks to Rana Adhikari, David Shoemaker, Giovanni Losurdo, Kazuaki
Kuroda, Harald Lueck and Michele Punturo.
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ET Budget

ET Observatory Costs Evaluation
Construction cost [ke]
C Onﬁ gur atl on: Xylophone configuration, 30 km arm
total length, 100 m underground 200.000
180.000
T l 160.000
ota 140.000
Construction 779 120.000
(M€) 100.000
80.000 -
60.000 -
contingency 30% 40.000 -
20.000 -
Total with 0 -
contingen 1013
gency 2018 2019 2020 2021 2022 2023 2024 2025 2026
IDsystem System Configuration Option Subtotal (ke) 2020 Subtot (Me)
548
170
13
14
34
Construction Totals 778.639] 10606| 19061| 85983 1IE+o05| 1IE+05| 179301 1E+05| 60041 32555 778,639
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