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We have come a long way ...

< The first Michelson interferometer: Experiment performed by
Albert Michelson in Potsdam 1881.

S Measurement accuracy 0.02 fringe (expected Ether effect ~0.04
fringes)

Stefan Hild LISA Symposium, June 2010 Slide 2
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Virgo, LIGO, GEQG;OO and Tama
Sensitivity: 10 13 of fringe — et

GEOG600: measures t_he 600m long arms to an accuracy of 0.0001 proton diameter @ 500 Hz

Stefan Hild LISA Symposium, June 2010
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Status and future of GW observatories

2 1st generation successfully completed:

» Long duration observations (~1yr) in
coincidence mode of 5
oberservatories.

» Spin-down upper limit of the Crab- I\ . !
Pulsar beaten! 2 \\ N Lo VA

/
7

/”
LA
O

107 Virgo=z#

- Za

2 2nd generation on the way:

» End of design phase, construction
about to start (or even started)

» 10 times better sensitivity than 1st
generation. => Scanning 1000 times N Advanced LIGO 1 4”
larger volume of the Universe 107 = >

2 \ N Advanced
10 EEEa == Virgo

. VABES

]

l/’
A

Strain [1/sqrt(Hz)]

2 3rd generation at the horizon: A =
» FP7 funded design study in Europe 10
1 10 100 1000 10000

» 100 times better sensitivity than 1st Frequency [Hz]
generation. => Scanning 1000000
times larger volume of the Universe

Stefan Hild LISA Symposium, June 2010 Slide 4
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ET Design Study
The Einstein Telescope project aims to e, o E’» yiég,r.;eg‘; "
the realization of a third generation of e e is ‘”KF; <5
GW observatory. e \M}"‘E'
. . . . —'“”" ' . O3 \\fj\'sgﬁé\i%i‘;' ":
The Einstein Telescope project is sy 00 o SN SgRawes
currently in its conceptual design study = o Somamaiis
phase, supported by the European DT Country
Community FP7 with about 3M€ from articipan
May 2008 to July 2011. EGO Italy/France
. . . Ital
2 The target of this design phase is to INFN d
understand the feasibility of a new MPG Germany
generation of GW observatory that will CNRS France
permit to gain one order of sensibility Uittty off B UK
2 The main deliverable, at the end of these University of Glasgow UK
3 years, will be a conceptual design of Nikhef NL
such as infrastructure Cardiff University UK
Slide ‘stolen’ from a talk by M. Punturo LISA Symposium, June 2010 Slide 5



Overview of this presentation

2 Some Warnings first ...

2G = 2.5G = 3G

<2 Where is the transition from 2" to
3rd Generation?

< The Brute Force approach to
achieve the 37 Generation target
sensitivity.

2 Can we do it a bit more realistic?
— The xylophone approach.

< A Zoo of even more fancy ideas

Stefan Hild LISA Symposium, June 2010 Slide 6
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Warnings

< Though much of the work and results shown on in these slides originate
from the context of the Einstein Telescope (ET) design study, some of
the views are my own and not vetted by the design study team.

< Due to lack of time I will not be able to give a comprehensive picture of
the 3rd generation activities, but only a subjective selection.

2 Also, I will entirely concentrate on technologies for 37 generation
GWD. For detailed information on the astrophysical motivation and
benefits of 3@ generation detectors please have a look at for example:

» Punturo et al: The third generation of gravitational wave observatories and
their science reach, doi: 10.1088/0264-9381/27/8/084007

» Einstein Telescope design study: Vision Document
https://pub3.ego-gw.it/itf/tds/file.php?callFile=ET-031-09.pdf

» Sathyprakash et al: Cosmography with the Einstein Telescope

http://arxiv.org/abs/0906.4151

Stefan Hild LISA Symposium, June 2010 Slide 7
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Astrophysics with 3™ generation

» Unveiling progenitors of short-hard GRBs
» Short-hard GRBs are believed to be triggered by merging NS-NS and NS-BH

» Understanding Supernovae
= Astrophysics of gravitational collapse and accompanying supernova!?

> Evolutionary paths of compact binaries
‘> Evolution of compact binaries involves complex astrophysics

‘*  Initial mass function, stellar winds, kicks from supernova, common envelope phase

> Finding why pulsars glitch and magnetars flare
» What causes sudden excursions in pulsar spin frequencies and what is behind

ultra high-energy transients of EM radiation in magnetars
‘*  Could reveal the composition and structure of neutron star cores

= Ellipticity of neutron stars
» Mountains of what size can be supported on neutron stars?

‘= NS spin frequencies in LMXBs

‘= Why are spin frequencies of neutron stars in low-mass X-ray binaries bounded

> Onset/evolution of relativistic instabilities
»  CFS instability and r-modes

Credits: Sathyaprakash + ET Science Team

Stefan Hild

LISA Symposium, June 2010 Slide 8



UNIVERSITY

of Cacroy I “
ﬁ GLASGOW : ( i

8

VIA VERITAS VITA

Cosmology with 3 Generation

Cosmography

> Hubble parameter, dark matter and dark energy densities, dark energy EoS w,

variation of w with z
Black hole seeds

‘*  Black hole seeds could be intermediate mass BH
‘* Hierarchical growth of central engines of BH

Dipole anisotropy in the Hubble parameter

*  The Hubble parameter will be “slightly” different in different directions due to

the local flow of the Milkyway
Anisotropic cosmologies

* In an anisotropic Universe the distribution of H on the sky should show

residual quadrupole and higher-order anisotropies
Primordial gravitational waves

+  Quantum fluctuations in the early Universe could produce a stochastic b/g

Production of GW during early Universe phase transitions

‘* Phase transitions, pre-heating, re-heating, etc., could produce detectable

stochastic GW

Credits: Sathyaprakash + ET Science Team

Stefan Hild

LISA Symposium, June 2010
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Properties of gravitational waves

* Testing GR beyond the quadrupole formula

‘* Binary pulsars consistent with quadrupole formula but they cannot measure the
properties of GWY

* How many polarizations?

‘* In Einstein’s theory only two polarizations; a scalar-tensor theory could have six

= Do gravitational waves travel at the speed of light?

‘* There are strong motivations from string theory to consider massive gravitons

EoS of dark energy

» GW from inspiralling binaries are standard sirens

EoS of supra-nuclear matter

‘¢ Signature of EoS in GW emitted when neutron stars merge

Black hole no-hair theorem and cosmic censorship

" Are BH (candidates) of nature BH of general relativity?

Merger dynamics of spinning black hole binaries

Fundamental Physics with 3™ generation

Credits: Sathyaprakash + ET Science Team

Stefan Hild

LISA Symposium, June 2010
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Warnings continued

2 Throughout this presentation I will only talk about the so-called
fundamental noise sources.

S This is only 10% of the full story!

Designs are driven at least partly also by technical noise sources.

2 Actually most of our battle towards the 2" and 3" Generation will
dominated by fighting and solving myriads technical problems such as:

» Thermal distortions » Parametric instability
» Laser frequency and amplitude noise > Beam jitter
» Imperfect optics » Cooling of high power optics
» Up-conversion » Non-degenerate recycling cavities
» Scattered light noise > ...
» Mystery noise » and so on and on
» Non-Gaussian behavior .... > .
Stefan Hild LISA Symposium, June 2010 Slide 11
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Overview of this presentation

Some Warnings first ...

Where is the transition from 2" to
3rd Generation?

2G = 2.5G = 3G J

=

The Brute Force approach to
achieve the 37 Generation target
sensitivity.

Can we do it a bit more realistic?
— The xylophone approach.

A Zoo of even more fancy ideas

Stefan Hild LISA Symposium, June 2010 Slide 12
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VIA VERITAS VITA

> People started to look

into enhancements of
the Advanced

Detectors
(see for example R. Adhikari’s
talk at GWADW 2010).

Especially at high
frequencies (and also
in the mid-frequency
range) improvements
by a factor of a few
seem potentially
achievable.

Input Filters?

10dB Squeezing Injection w/ a lossy 100m input filter cavity 4km Output Filter Cavity w/ Freq. Independent 10 dB Squeezind
~—— Quantum Vacuum I ]
~— Gravity Gradients (10x Cancellation)

—— Suspension thermal (20K Si Blades + Fibers)
—— Coating Brownian (LG33 beams)
ic

Enhancements of the Advanced
Detectors

Output Filters?

g —— Quantum Vacuum
21 e —— Seismic
10 : ~—— Gravity Gradi (10x C:
: —— Suspension thermal (20K Si Blades + Fibers)

=~ Coating Brownian (LG33 beams)

Coating Thermo-optic

Substrate Brownian

-==-Excess Gas

= Total noise

Strain [1/V Hz]

10 10° 10°
Frequency [Hz] 19

R.Adhikari: LIGO G100 0524

Stefan Hild

LISA Symposium, June 2010

Slide 13




UNIVERSITY
of
GLASGOW

8

Facility limits of Advanced Detectors

-19

ET dummy curve, file=ET_sthild_1.m

10

= = = Quantum noise
= = = Seismic noise
= = = Gravity Gradients

=4 == = Suspension thermal noise
1= = = Coating Brownian noise
Coating Thermo-optic noise|
Substrate Brownian noise
Excess Gas

| we—Total noise

10

N == Advanced Detectors
I 10
2 4_¥,,,4_:::::::::::::‘:::kfgffEff
hah
'E
910 ESESSSSESESS ____:::::::___ ESTSIEEEIS
- - ESE
m _________________________________
24|
10 ===ty o i = THECE
___________________ A 1 -
- 4 ‘ - . & - - JE - " ..i\; |.
-25 | ) | i [
10" FrcorcesoosrgTosrssrEREE s torsE e Nt JTEEdEgrEEn |
——————— —1———-+-f——-1-———\—o———‘+|————~—.—;'-_+l-<——‘\{- —l—-}t--]‘—»———w—l
] b 14 1 \ Y| PR ¥ Nt IJ'||‘> {4
******* 1**”TT"’r"’\’*’*IT"”’***T4”‘I]T 7'*'}]’F’Tﬂ
10'26 1 N EN | 1 Lot 1 [ Al [ B 11 P
0 1 2 3 4
10 10 10 10 10
Frequency [Hz]
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: Facility limits of Advanced Detectors

VIA VERITAS VITA

< However, using
currently available
technology we will hit
the facility limits.

< At all frequencies:
» Arm length

< At low frequencies:

» Gravity Gradient
Noise.

» Perhaps also Seismic

2 At mid frequencies:
» Thermal noise

ET dummy curve, file=ET_sthild_1.m

= F FEFE = = 5= == = = = Quantum noise
b= - = = = Seismic noise
rreT = = = Gravity Gradients
I = = = == = =4= == Suspension thermal noise

Strain [1A/Hz]

SEEIEFEEEEIE-HEIA A= =S e L e ——————"

=== EEEIFI=E==3= ==

33z —~***:-t*r::—7: ******** = = = Coating Brownian noise
r-1 reom Coating Thermo-optic noise
q' . ' Substrate Brownian noise
L GSSS5S3SEEE55F 555555 Excess Gas
w—— Total noise
= Advanced Detectors

L LI S 8§ O

Frequency [Hz]

Stefan Hild

LISA Symposium, June 2010
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3rd generation

. . ENSTEINTELESCOPE
> To surpass the facility limits Fsgeits =SS

of the 2"d generation
instruments, 3rd
Generation ‘lives’ in new
infrastructures

< 3rd generation GW
detectors will be
observatories that stay ‘on
air’ for decades.

< 3rd generation detectors and
LISA are complementary,
NOT competing.

Length ~10 km
-

NBEE .. TUNNEL @ ~5m

Stefan Hild LISA Symposium, June 2010 Slide 16



Overview of this presentation

2 Some Warnings first ...

<2 Where is the transition from 2" to
3rd Generation?

UNIVERSITY = Lo
g | d NGO E T &
B GLASGOW | TELESC(

< The Brute Force approach to
achieve the 37 Generation target
. sensitivity.

2 Can we do it a bit more realistic?
— The xylophone approach.

< A Zoo of even more fancy ideas

Stefan Hild LISA Symposium, June 2010
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: The starting point: 2" Generation

VIA VERITAS VITA

> We consider: 2nd Generation design

> Michelson topology with sensitivity

dual recycling.

o - — r -

» One detector covering the - stamenaae
full frequency band - - Suspension thermal nole |
> A single detector (no Subsrt Sowran e |
network) et
< Start from a 2nd Generation £ el TN N
instrument. | AN S e f
2 Each fundamental noise at g ATy R e X sl R O MR A2
least for some frequencies F e B U R S L G i.l’: E
above the ET target. T

=> OUR TASK:

All fundamental noises 3G target sensitivity
have to be improved !! (approximated)

Stefan Hild LISA Symposium, June 2010 Slide 18



UNIVI;J;{SITY @ E T -

Step 1: Increasing the arm length

ET dummy curve, file=ET_sthild_1.m ET dummy curve, file=ET_sthild_2.m

-19 -19
10 Fo e = e e = 10 p====== SIS cccEcS-CEEofEc=SCo= 3= B === = F o
= = = Quantum noise § V=== =F3 SFACCSSFESICSEEERIFIE === SIS = = = Quantum noise H
= = = Seismic noise ' N ~ i + 14 -4 = = = Seismic noise 1
20 = = = Gravity Gradients | 20| L ™ o rro = = = Gravity Gradients
10 = = = Suspension thermal noise 10 Ef?éfff\if td===t=z==:5:=z%======7=4=~ = - Suspension thermal noise g
= = = Coating Brownian noise H - \”"“" IO CZIEICZICZCCEOIfE I I oz s = = = Coating Brownian noise H
Coating Thermo-optic noise|| e _'s LY ra | Coating Thermo-optic noise||
0—21 | Substrate Brownian noise || -21 Sa e ' Y .| ] Substrate Brownian noise ||
1 Excess Gas i 4 \ = == EEE 5 Excess Gas H
Total noise H I 1 Cr T Total noise 4
~ Advanced Detectors ~N L i Lokl = Advanced Detectors
I 107%2L T
< SEEEEE R FER e 2
= =
€ qg
.2;10 A EHEEEEEEEEE ESESIZSEES .E;
BN oo Ol aS T A T T ese—— MO DTS CEC DT DT w
2 | .
10 f==========t 3 e e ENLEG E Do EE === == 3 :
7777777777777777777 £ 1= 3
= g e :
= 1
1025'iiiiiiiiiff§ii‘i_i*ii* ::T%ﬁ;ffjii"ﬁ73§‘?‘,‘K*I*]i‘i*'
--------------- EEEEEEEEE S e PO R e B EEEEE
L] 1% PR
i v 1Y "":1 lfil: 17
10'26 1 Y A s B 2 4 iils 1l
0 1 2 3 4
10 10 10 10 10
Frequency [Hz] Frequency [Hz]

S
)

DRIVER: All displacement noises
ACTION: Increase arm length from 3km to 10km (3km)

EFFECT: Decrease all displacement noises by a factor 3.3

SIDE EFFECTS: » Decrease in residual gas pressure

n
o O
3
o
Py
5
e

/s

» Change of effective Signal recycling tuning h%'

Stefan Hild LISA Symposium, June 2010 Slide 19
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: Step 2: Optimising signal recycling

VIA VERITAS VITA

ET dummy curve, file=ET_sthild_2.m

-19

ET dummy curve, file=ET_sthild_3.m

10 p======= TSI =SS E=S S-S EEEIE =SS = e e e 10 p=======73¢ == e =——=———r—r—=r==
AR \ TR e S S E L, = = = Quantum noise H SEECEEE L = = = Quantum noise H

“ ~ 4 +14 + = = = Seismic noise “ ~ 4 - = = = Seismic noise 8

20| S ™ = = = Gravity Gradients i 20| s = = = Gravity Gradients I
10 " k= SR\t I = : = = = Suspension thermal noise 10 " k= SR | 1= = - Suspension thermal noise [
ST 8 s R = = S = = = = Coating Brownian noise § F--X°CF A= = = = Coating Brownian noise H
PGIEY LY r T - I T Coating Thermo-optic noise|| N Y Y Coating Thermo-optic noise||

1 o-21 St R | Y ! ] Substrate Brownian noise || 1 0-21 | * b Substrate Brownian noise ||
,,,,,,,,,,, \ © = Excess Gas H 3 Excess Gas H

Cr Total noise Total noise -

= Advanced Detectors = Advanced Detecto, 4

Strain [1A/Hz]
Strain [1~/Hz]

Frequency [Hz]

DRIVER: Quantum noise

ACTION: From detuned SR to tuned SR (with 10% transmittance)

EFFECTS: » Reduced shot noise by ~ factor 7 at high freqgs
» Reduced radiation pressure by ~ factor 2 at low freqgs
» Reduced peak sensitivity by ~ factor sqrt(2) ¢

Stefan Hild LISA Symposium, June 2010

Slide 20
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> Step 3: Increasing the laser power

VIA VERITAS VITA

ET dummy curve, file=ET_sthild_3.m

-19
10 ————
1= = = Quantum noise
= = = Seismic noise
-20 = = = Gravity Gradients
10 = = = Suspension thermal noise
= = = Coating Brownian noise H
Coating Thermo-optic noise||
1 o-21 Substrate Brownian noise ||
Excess Gas H
Total noise
N = Advanced Detectors
T 107
L 0 EZEEEG G CE SN EZEIEEEEEEES=SI=ESEESS=E3SS¢
=
c
‘© 10-23
B 10 Essss=s s N S Ss e O SEF o sE==5 523
w»
~24
10
~25
e e A N I R PR b
26
10

Frequency [Hz]

Strain [1A/Hz]

ET dummy curve, file=ET_sthild_4.m

| e

= = = Quantum noise

H
= = = Seismic noise H
= = = Gravity Gradients
= { = = = Suspension thermal noise g
= = = Coating Brownian noise H
Coating Thermo-optic noise|]
Substrate Brownian noise
Excess Gas g
Total noise
Advanced Detectors }

107

1070 = a o2 N I et e e s e T oo T
10—24 IR L. X e ________f‘
10455553535355315E35ifiEiﬁfE:iEjfffff‘;fiE;ﬁj;if'l','jj-:.‘,.i:‘l:f
——————————— *'t——‘-‘—-—-’r—"—‘————-"l‘—'ﬂf‘l‘." e e S

+ 14 l‘: :\‘Ifl s‘ *y :>|¢|=:; i+

-26 s Y u A B T ]
10 0 1 2 3 4
10 10 10 10 10

Frequency [Hz]

DRIVER: Shot noise at high frequencies

ACTION: Increase laser power (@ ifo input) from 125W to 500W

EFFECT: Reduced shot noise by a factor of 2

SIDE EFFECTS:

Increased radiation pressure noise by a factor 2

Stefan Hild

LISA Symposium, June 2010
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Step 4: Quantum noise suppression

ET dummy curve, file=ET_sthild_5.m

-19

ET dummy curve, file=ET_sthild_4.m

10 S sS-c-E3 IHd---E-SI-CEEDZ == e = s e = SId-C-CECS-CEEEEEEC Dz o = T e e e ey
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20| o ™ = = = Gravity Gradients = = = Gravity Gradients
10 333:353553 Ti===Ess==EEE: = = = Suspension thermal noise = = = Suspension thermal noise [
T T 8 IdC-CCCECZICSCCEOIE TS a3z oic ] = = = Coating Brownian noise H = = = Coating Brownian noise
o iy 1 1 Coating Thermo-optic noise|] Coating Thermo-optic noise|]
10—21 Y AP | S S Substrate Brownian noise || Substrate Brownian noise ||
E==:='% : EEEEEEEEE SHEEHEEEEEEEE Excess Gas B Excess Gas B
””””””””” Total noise Total noise
~ Advanced Detectors N Advanced Detectors
-22 T -22
§10 FEEEy e SEZZCCEESIECSZSCiito——e Zz 10 ¢
RN s SEh e S SRR R LS S et EaE ) q;
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77777777777777777777777777 -~ -
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™ 7 r&Ty L T T r 1 17 1 ™ * &~ T r T T r 17T
10'26 Ll L} Py ‘"-'.‘ :.n! 14 x 11 10‘25 L 1 L} P T . Eu! [ | :A L
0 1 2 3 4 0 1 2 3 4
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Frequency [Hz] Frequency [Hz]

DRIVER: Shot noise at high frequencies

ACTION: Introduced 10dB of squeezing (frequency depend
angle)
EFFECT: Decreases the shot noise by a factor 3

SIDE EFFECTS: Decreases radiation pressure noise by a
factor 3

Stefan Hild LISA Symposium, June 2010 Slide 22
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Increasing the beam size to reduce
Coating Brownian noise

VIA VERITAS VITA

Increasing the beam size at the 0
mirrors reduces the contribution of  10km arm cavity
Coating Brownian with symmetric ROCs
. . . . g 015 ROC =5070m
Coating Brownian noise of one mirror: . _ .
E =>12cm radius
S(f)_4kBTd(Y’¢+Y¢) §
v m2fy 2 \y | Tyt "
beam radius on mirror %00 5500 6000 6500 7000 - 5?;0;) ]aoloo 8500 9000 9500 10000
m

Please note: a beam radius of 12cm requires mirrors of 60 to 70cm diameter

Stefan Hild LISA Symposium, June 2010 Slide 23
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Step 5: Increasing the beam size

ET dummy curve, file=ET_sthild_5.m e

|
|
Y | Coating Thermo-optic noise||
‘W | | Substrate Brownian noise | |
Excess Gas H
Total noise
Advanced Detectors

Substrate Brownian noise
Excess Gas

Total noise

Advanced Detectors

10193553;;::,;':gg;;;:;:::::';vtvzgzgzgzj*— R e 10 PSS -cEJIESEfd-ccEC-SCCEEEIE==Sc == §
FC Z SR CE S RS FACSCSCSESISCFEAFE S S 3Z SE = = = Quantum noise H ASEECEEEE R R L = = = Quantum noise H
X v = i1 -4 ik = = = Seismic noise ' N -4 : - = = = Seismic noise '
20| S | T N = = = Gravity Gradients i 20| L | | = = = Gravity Gradients I
10 " E==2===5s=\\{f5===:=2==:c=3Z======{- - - Suspension thermal noise [ 10 E==2===5-=\{s55==:=5==::=3=======7- - - Suspension thermal noise
”c\ SRS | | [ e s S e S S [ e = = = Coating Browniannoise [ | |  EIZRICC R | | [ B S e i Sl o i S = = = Coating Brownian noise ¥
T Coating Thermo-optic noise||

\

=|
H

Strain [1A/Hz]
Strain [1A/Hz]

Frequency [Hz]

Frequency [Hz]

DRIVER: Coating Brownian noise
ACTION: Increase of beam radius from 6 to 12cm

EFFECT: Decrease of Coating Brownian by a factor 2

SIDE EFFECTS: » Decrease of Substrate Brownian noise (~factor 2)
» Decrease of Thermo-optic noise (~factor 2)
» Decrease of residual gas pressure noise (~10-20%)

Stefan Hild LISA Symposium, June 2010 Slide 24
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Step 6: Cooling the test masses

Strain [1A/Hz]

10

10

s
o

s
o

s
o

-19

ET dummy curve, file=ET_sthild_6.m

-20

®
B

R

1
8

= = = Quantum noise
= = = Seismic noise
= = = Gravity Gradients

4 = = = Suspension thermal noise §

= = = Coating Brownian noise

Coating Thermo-optic nolse_:
Substrate Brownian noise ||

Excess Gas
Total noise
Advanced Detectors

1
Frequency [Hz]

Strain [1A/Hz]

ET dummy curve, file=ET_sthild_7.m
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= = = Quantum noise
= = = Seismic noise
= = = Gravity Gradients

4 = = = Suspension thermal noise [

= = = Coating Brownian noise

Substrate Brownian noise

Excess Gas
Total noise
Advanced Detectors

H
¥
H
H
H
Coating Thermo-optic noise|]
H
H

-
o

;I
8

~24 [~

F oo CIZ-E g Tiwg L A=

F-=—=i===3 =83 %8

44444

-
il S "
L

= Decrease of thermo-optic noise

DRIVER: Coating Brownian noise
ACTION: Reduce the test mass temperature from 290K to 20K
EFFECT: Decrease Brownian by ~ factor of 4

SIDE EFFECTS: = Decrease of substrate Brownian

CLIO + LGCT !

Kuroda 2008

LIGO-G080060

Stefan Hild
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- Seismic Isolation / Suspension point
:
Suspension
L1
100 T T T T 1 T
: ——Virgo Superattenuator
: ____ 5 Stages Pendulum,
10°° ! each stage 10 meter
=107 0 5 Stages of
3 each 10 m
| 25 ~ height
2 | L]
b ! corner freq =
- , BN o 0.158Hz
" 10 | o I | 10
SA-data: G.Ballardin et al, Rev. Sci. Instrum., Vol.72, No.9 (2001) L]
Virgo Superattenuator
(height ~ 8 meter)
«—+——Main test mass
B
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Suspension Thermal noise

2 Suspension
thermal noise is
probably the main
driver for going to
cryogenic
temperatures.

> Actual level
strongly depends
design details of
suspension.

Thermal Noise - Adding Suspension

—— mirror
—— pendulum
----- violin
—total
—— ET design

LUniverse"

Thermal
bath

@ =2%x10° 10° 10 10° 10

10
frequency [Hz]
20K
sensitivity goal can be reached, additional ,help” is
needed at low frequencies (artificial lowering of
pendulum frequency needed — actively/passivly)
Nawrodt 05/2010 GWADW2010 Kyoto/Japan #50/54

R. Nawrodt: http://gw.icrr.u-tokyo.ac.jp/gwadw2010/program/2010_GWADW_Nawrodt ETWP2.pptx
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Step /7: Longer Suspensions

ET dummy curve, file=ET_sthild_7.m

SEZONCES3ZESFAdCCCF5Z3ZCFEaFlE=2532321 = = = Quantum noise

H
1+ = = = Seismic noise H
| = = = Gravity Gradients

= = = Coating Brownian noise ;
Coating Thermo-optic noise
Substrate Brownian noise ||
H

3

Excess Gas
= Total noise
Advanced Virgo

________________________

-19 -19
10 === = = ==TE-Z == SEIEEE Ea R — Exr=————r———r——rrm 10 == EE3E
= = = Quantum noise o '
= = = Seismic noise 4 +14
= = = Gravity Gradients 20" T
= = = Suspension thermal noise [ 10 " E: =y
= = = Coating Brownian noise H = i
Coating Thermo-optic noise|] 1
Substrate Brownian noise || 1 0-21 N
Excess Gas £ H |
Totalmoise  H | | ENGYS. 99N\
N 22 Advanced Detectors ~N 22
L 10~ =c=zz==zc=zz======z==1 L 10° =3
2 R I A S L T E N . o -eEREE
R qs .
[RT R T — T, N S o S 107
O F o S O M RN T AN T i ee—— M T T S ST T T [72]
-24 -24
10 " E EEEEER S . S R A 10 " E
T
-25 | - 11 -25
10 Effarwagnngrg s oz s EEeTE st S Eac s RER == te s o EET 10 1T
F==S =253 %38d3=2 CESIEZRPESFESESSEECHS '—~.—Q—_—i —————— =3 H
EER SR SH | ERER i §o s te e : , &
10'26 Ly [} L ‘Nn 2 gl 1 | 10‘25 Lid
0 1 2 3 4 0
10 10 10 10 10 10 10
Frequency [Hz]

Frequency [Hz]

DRIVER: Seismic noise

ACTION: Build 50m tall 5 stage suspension (corner freq = 0.158 Hz)

EFFECT: Decrease seismic noise by many orders of magnitude
or pushes the seismic wall from 10 Hz to about 1.5 Hz

Same performance can
be achived by a 17m
high superattenuator

S.Brachini: http://gw.icrr.u-
tokyo.ac.jp/gwadw2010/program/
2010_GWADW_Braccini.ppt
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What is Gravity Gradient Noise

2 Changes in the gravitational potential around a test mass.

< Causes 1: Humans, Lorries, Clouds etc

» Hopefully not problematic because at frequency below
detection band.

2 Causes 2: Seismic driven changes
» Density waves, shaking of cave walls etc

< Can be approximated by: - -

Testmass Noise = Seismic Excitation x Coupling
Transfer function

]

2 Coupling Transfer function given by law of gravity. Not Images: G.Cella

much we can do!

< Seismic Excitation can be reduced by finding a quiet site !
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Tackling Gravity Gradient noise:
going underground

haorizontal seism [m/sqrt(Hz)]

10

10

10

100

10

100

5 spectral seismic noise at Virgo WEST building
===+ gnvironmental seism NIGHT
C ==+ environmental seism DAY
F Mty —— noise from IL FALDO, model 1 (wind 8 km/h)
&L ;’ . ~t, —— noise from IL FALDO, model 2 {wind 8 km/h)
N ‘1_ "".:.“,\ — noise from IL FALDO, model 2 {wind 40 km/h)
E/ \,‘_w\' _._- - L ‘.\
L N R
7L R
: \
o [
WS
. ?J ‘ \ -,
E- ) RAS ; A
| '\“" ,I Y 0l |
ol VSRR ¥ Y
E Fiori et al: VIR, %4 \
L NOT-PI1S-1390-317 e W
1 L 1 L 1 PR - | 1 L 1 1 1 PR
107 10° 10’

frequency [Hz]

Surface (Cascina)

about 1-10~7 m/fé for f > 1Hz

Displacement (m/Hz'?)

1077
107"
1072
10—]3
10—]4
10—]5

Frequency (Hz)

ack Forest
W, amioka N~
R € o
“.t\“ o T g L?
. g o
A Y - N U) g
. (D ~~
\\ S >
o
\ 08
. — N
Low Noise Model O —
= O
O N
G
. © %
A L o
) ) 7 oo
Seismometer Noise Level
0.1 1 10 100

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 spectrum of quiet sites in the world) are described.

Underground (Kamioka)

about 5-10"°m/f? for f > 1Hz
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8
ET dummy curve, file=ET_sthild_9.m
-19 -19
10 g==xc==== = T = 10 g======== = T ==
g === 1= = = Quantum noise § D LGEE R 1= = = Quantum noise H
8-~ - = = = Seismic noise H - - = = = Seismic noise H
20| " ™ = = = Gravity Gradients | _20 ! = = = Gravity Gradients [
- L1l W - H
10 " k5= 2 i = = = Coating Brownian noise 8 10 == i = = = Coating Brownian noise g
E 3 - Tia 1 Coating Thermo-optic noise| 3z ] Coating Thermo-optic noise
. T Substrate Brownian noise || 1 Substrate Brownian noise ||
1 0-21 b p " Excess Gas 1 1 0-21 | Excess Gas I
Eet—t=——1 =+ — Total noise g 3 = Total noise H
Advanced Virgo H Advanced Virgo 1
) i N ;
T 1072 T 10” ST S N N T Y M s A N S N §
E1o ,,,,,, }10 E e N =i el
= ha
£ qs .
.2;10 IEEETEEEEE EECIIFS-SSSSS5SH#EZEF--CSECESCZEES ;!;10 EECIFSSSCSCS3S#EEF-ScSE-ESZEET
m R —— === === ——a—- SRR ] u’ ______________
10-24_____ EBEEEEEEEE SEEIEEEEEEEEEEES FEEEEEEEE 10 EEElE=S=s=S===2===E EFEEEEEa5E
10 fenrwagnnsrd o ET T EBEC IR E DTS I E TS SE S E DT EETE 10 "E=Es=eegzzpaeazzze
107 e 10
10 10
Frequency [Hz]

DRIVER:
ACTION:

EFFECT:
SIDE EFFECTS:

Gravity gradient noise
Go from the surface to underground location

Decrease gravity gradients by a factor 20

Decrease in seismic noise by a factor 20

Stefan Hild
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- Seismic measurements

Locations in Hungary, France and Spain have
< Seismic measure- shown to be within ET-B requirements > 2 Hz

ment Campaign Mode from half hour PSDs N
showed that there SR E - \ ............ ; / Romania

1e-11 pooos e e . e M St crhgrn .~ Hungary ——

are several under- s et " spain - LSC
[ SRR SO0 O 2 OO OO ORORONS SUURRUUOOS SUUPUN SOUOE SO SO Y -~ France - LSM —— 4

ground SlteS Wthh 1e-12 oo ! o '-\\"ﬁigh/LOWnOiESfIB__fgCr)g? “'“:'-
have a seismic level IE AR N ST .

even below Kamioka. 1e-13 Fropnifioitf

T~ ) e it N - -
;i ! I : : o . P
1e_14 ; fooriend i : R : : i Feosh ;
oot 4 ; N N s ; :
. 7 N : :

2 Gravity gradient
noise compitabile o5 o S SN e
with 3™ generation N A T . O VN
sensitivity for 1616 QYT § s s NI g
frequencies above PO o o e s

I A S S S | i i O TR SR S N | i L I S T S S |
2Hz. 1 "

Frequency [Hz]
M.Baker: http://gw.icrr.u-tokyo.ac.jp/gwadw2010/program/2010_GWADW _Beker.pdf

PSD [mZ/s4/Hz]
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NS EIN |

g Is there any chance to substract the
gravity gradient noise?

2 Theoretically = YES.

o Ifitis possible to determine the seismic ‘all around’ the
test masses and the corresponding coupling transfer
functions to a certain accuracy it should be possible to
subtract gravity gradient noise from h(t).

< This would require a big 3D array of seismometers, very
homogenous rock, etc

2 Has never been done ... work in progress (and probably
our only chance to get to the ET target sensitivity below
about 2-3Hz).
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Step 9: Gravity gradient suppression

Strain [1A/Hz]

= = = Quantum noise

= = = Seismic noise

= = = Gravity Gradients

4 = = = Coating Brownian noise

Coating Thermo-optic noisef]
Substrate Brownian noise ||
] Excess Gas
= Total noise
Advanced Virgo
-22
10 k== HEEEE R FEE R 3
T EFSZERSH
-23
10 "E==g==c3=55 S EC S ECIECSCSCSCLoAEEICCCSECSESSEAT
10-24'_.’ BECCSCSEftHdCE S E N ENEETEEE=ES=Ss == E === =='2
________________________________ FCSZEZE2ZEES
i |
-25 |
10 fti,,‘iii':iijiiiZ‘;iiiii]iiiiff'i—i;:iiZii:’ffff?*‘;ffifiv—;
————— ‘-——q———1-‘3———»—‘-—————\—|————————.—'—~d.—;i-.—————-——»———H—'
L] PR N 141 b e ¥
26 l‘ 1 T T \\ 1T SE Rl il ti ot £ P i
= . | i1 111 1
10 0 1 2 3
10 10 1 10 10
Frequency [Hz]

Strainln/\/ Hz]

sl
R

8

10

4 = = = Coating Brownian noise

3w Total noise

= = = Quantum noise
= = = Seismic noise
= = = Gravity Gradients

Coating Thermo-optic noise
Substrate Brownian noise
Excess Gas

Advanced Virgo

B VN T BT

««««««

53

———————

-~
- - r
N -

.....

-

Frequency [Hz]

DRIVER: Gravity gradient noise

ACTION: Very quite underground site + active subtraction of the

gravity gradients below a few Hz

EFFECT: Decrease gravity gradient noise by a factor 50.

Stefan Hild
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Step 10: Heavier mirrors

e ET dummy curve, file=ET_sthild_11.m e ET dummy curve, file=ET_sthild_12.m
10 E=S=S=SISESESdSEISEg===£=2=EE EEZ|E = = = =IE = e — S CEE— 10 E=S==SI=SE=SESS SEH=S==E=I=EEEE e S —
F=- oz e 3RS Fd =S FS3CEREERIFIEZ =32 212 :::g:Iasrr‘r::‘cn:!::’sl:e ; ::::::i:i,;::f;:::fifi:ii:::::::i:‘:::g;:’:‘::::mn:z:e ::‘
= = = Gravity Gradients -20 M = = = Gravity Gradients |
== 1 = = = Coating Brownian noise 8 10 $§ = { = = = Coating Brownian noise g
= 3 Coating Thermo-optic noisef] s Coating Thermo-optic noise
Substrate Brownian noise || T Substrate Brownian noise ||
21 ] - NSNS, | Broess cs 10 gl | WY NSRS VAL S S S ARS I ST
_ S/ CSEIIDIINF=SCZCZEZIZZEESZR A:van:e:eVIrgo § _ —ZE3J g3 ]Z:i{::::{f]i“l:i:::::: Advanced Virgo
§10~”§§ S SESSN;ESSSCEECEESSOSDCEDSIDISIEESATECEET . %10"22 CESSSCEECEESSOSDCESSIDFSIIESATEEES
.E E=E=g= = S EERESATHEEEEEEY < EEE R .§1°-23‘***** EECIEFCSCSCcSCLoFSEF-CCECECICSEEISE
B F e T T IONON e S S r TR : B OF RTINS e—— VS St s
FoCSSECZc 3SR IF =SS ES IS RS EIE S E IS ST IS - S S EZESIZEEIT 10—24ij__________::::::___::::::::::::::__ SZZEZESIZEEIT
O et L B e s b s
10-260 1 2 - 3 4
0 10 10 10 10 10
Frequency [Hz] Frequency [Hz]
DRIVER: Quantum noise at low frequencies
ACTION: Increase test mass weight from 42 kg to 120 kg (or even 200
kg)
EFFECT: Decrease of radiation pressure noise
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ET dummy curve, file=ET_sthild_1.m

————— — r————————————

1= = = Quantum noise

1 = = = Seismic noise

= = = Gravity Gradients

= = = Suspension thermal noise

= = = Coating Brownian noise
Coating Thermo-optic noise|
Substrate Brownian noise
Excess Gas

| == Total noise

Advanced Detectors

dummy curve, file=ET_sthild_12.m

SEd == CEEERF=== A= == ] = = = Quantum noise H
77777 = = = Seismic noise )

= Gravity Gradients
4 = = = Coating Brownian noise g
.

-

T LI

Coating Thermo-optic noise|
Substrate Brownian noise
N ! ] Excess Gas
C - - - = - =EF = = Total noise
””” T w— Advanced Virgo

-1 HIHIE 4+

A ImmERII

Strain [1¥/Hz]
Strain [1/Hz]

!

s 10 10° 10° 10* s ‘1.21' |1‘(‘)’ 10° 10*
Frequency [Hz] Frequency [Hz]
advanced detector potential ET design

Arm length 3 km 10 km 3
SR-phase detuned (0.15) tuned (0.0) O
SR transmittance 11% 10% g
Input power (after IMC) 125 W 500 W —
Arm power 0.75 MW 3MW %
Quantum noise suppression none 10dB >
Beam radius 6 cm 12 cm X
Temperature 290K 20K ©
Suspension Superattenuator 5 stages of each 10 m length =
Seismic 1-107"m/f? for f > 1Hz (Cascina) | 5-107°m/f? for f > 1Hz (Kamioka) ¥
Gravity gradient reduction none factor 50 required o
Mirror masses 42 kg 120 kg T
BNS range 150 Mpc 2650 Mpc w0
BBH range 800 Mpc 17700 Mpc
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: Overview of this presentation

VIA VERITAS VITA

< The Brute Force approach to

2 Some Warnings first ...

<2 Where is the transition from 2" to

3rd Generation?

achieve the 37 Generation target
sensitivity.

2G = 2.5G = 3G

4 A
2 Can we do it a bit more realistic?
— The xylophone approach.
\_ V.
< A Zoo of even more fancy ideas
Stefan Hild LISA Symposium, June 2010 Slide 37
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Motivation for Xylophone
observatories

S Due to residual absorption in substrates and coatings high
optical power (3MW) and cryogenic test masses (20K) don’t
go easily together.

2 IDEA: Split the detection band into 2 or 3 instruments, each

dedicated for a certain frequency range. All ‘xylophone’
interferometer together give the full sensitivity.

< Example of a 2-tone xylophone:
» Low frequency: low power and cryogenic

» High frequency: high power and room temperature
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> High Frequency Detector

VIA VERITAS VITA

2 Quantum noise: 3MW,
tuned Signal-Recyling,
10dB Squeezing, 200kg
mirrors.

Suspension Thermal
and Seismic:
Superattenuator at
surface location.

Gravity gradient: No
Subtraction

Thermal noise: 290K,
12cm beam radius, fused
Silica, LG33 (reduction

Strain [1/VHz]
=

-
o

Lo

kil e '

-| = = = Quantum noise
r ~| = = = Seismic noise
|| = = = Gravity Gradients

Excess Gas

=| = = = Suspension thermal noise |}
= = = Total mirror thermal noise

~ | we— ET-HF: Total noise
- Advanced Detectors

_______

0 2 3 4
factor of 1.6 compared to 10 10 Frequency [Hz] 10
TEMOO).
Coating Brownian reduction factors (compared to 2G):
3.3 (arm length), 2 (beam size) and 1.6 (LG33) = 10.5
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LF-Detector:

< Thermal noise of a single
cryogenic end test mass.

< Assumptions:
» Silicon at 10K
» Youngs Modulus = 164GP

» Coating material similar to
what is currently available
for fused silica at 290K
(loss angles of 5e-5 and 2e-4
for low and high refractive
materials)

Cryogenic Test masses

| [ || | | || .
i < ' - 7o Troon | | =—Coating Brownian
R N "1l | = Substrate Brownian
T T { n - Thermooptic
| |
| REER | | 1| | =Substrate Thermoelatsic
:10‘21 Sl NN (IS e S N R [N S S
N PN CIT1rog- - I 2TNJZZD2op - r-cx1droa- - i oaZCioiad
5 _____ 44 - = — = I 4 F——+ -k 4244 He— == 4= 4 H
t T S 1 - = F- T rrTTTIHAnr 1T " 1 AT rr 1M
u -1 "7 0 e e S e O .~ A A S O A | R e e e e T
0 1 t Ol ml 1 Hal
E | | | ) | L
Sk | (N 1) | (N
= S I N N A M~ S B S B | (LN R I S . SR [ U I i
s | | 1) 1) | (N
g | | 1) (N (N
- | (R | [
§1°22"-'T_" OO0 - - - J -1 TrSsS . T T TT1TT OO - - ~ 1. L]
— t t 1 F 1 | tr 1 ]
3 I W S R Y B B o DESNOING ILO0Z 2023208 |
sam N N N [ I R N S N S B [ D D I A
Q __________ [ R I B L I U S T U e ., - N S R |
| | 1) 1) |
T i e A o O e M M e e B | nE - " T7T " 5NINT an - a |
| () (HRL (N
T TTT 11 1M n 1M
| | | 1) 1 (N
| | | 1) 11y |
10'23 11l 11al L il 1 i
0 1 2 3 4
10 10 10 10 10
Frequency [Hz]

How to get from here to total mirror TN in ET?

* Sum over the 4 different noise types.

» Go from displacement to strain (divide by 10000).

» Uncorrelated sum of 2 end mirrors and 2 input mirrors
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s TN ET 2
: Low Frequency Detector

VIA VERITAS VITA

2 Quantum noise: 18kW,
detuned SignaI—Recyling, --r-r1118 Fiiii:i:i:iii;FFjijj = = = Quantum noise ¢
T T | Bl Bl 1T T = = = Seismic noise
10 dB frequency o\ N i |- - - Gravity Gradients |
. EEEEEEEE. CEEEEEEHEEEE AL
dependent Squeezing, SEEEEEEE] CEEECEE LT EEH Wi ety
211kg mirrors. [{-r-rT1Tn S AL T | e ey
-22 | I
2 Seismic: 5x10m E"’ ¥ e}
suspensions, 2 [ R
underground. 5 10'23552—‘.5 ::"*
2 Gravity gradient: ] 4 iRt et ata
Underground, factor 50 Y BENEY
. 10 g==5=5= I A I IR B s
subtraction LR R e R E R B R
) el Bt £ e B
< Thermal noise: 10K, _25"“';r"u-‘.;T-’*::,.:-;rr------—.—.-.-l———.-—‘—r-—.—
Silicon, 12cm beam 10 ’22;522_2%;“5_222;22;2;2;?;;{5;;2‘;;;;52ZZ;ZZEE;;?
radiUS, TEMOO. 10° 10’ 102 10° 10*
Frequency [Hz]

S Suspension Thermal:
not included. :( 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-Xylophone: ET-C

Parameter ET-HF ET-LF

Arm length 10 km 10km :7:3::%::3%?’vzﬁ::E::?:E:?i;ﬁg:%: e
Input power (after IMC) 500 W 3W ; *t*;t:i‘;g”*.”ﬁ.”irf”“ === ET Xylophone total
Arm power 3MW 18 kW B\ VR R Rt ET-LF
Temperature 290 K 10K ozl \\ L “ETHE
Mirror material Fused Silica Silicon FEo\N FIFARCSSSSEASRECCEEEIITAE- ST SSEEAE
Mirror diameter / thickness | 62cm / 30cm |62 cm / 30cm '=‘~= f:j_:_:ffa‘:f:f55:5:EEE:E:E:EEiEtEE:E:E:EEEE
Mirror masses 200 kg 211kg £ h R Ry Ladiug oLy
Laser wavelength 1064 nm 1550 nm FaoBboot NN
SR-phase tuned (0.0) |detuned (0.6) T Fiir:ic 3 I3 “‘\:“j‘:““ff“"'"TTT:“T‘T“T
SR transmittance 10% 20 % S S A QLD NSRS/ IL) Ru g Epya ey L
Quantum noise suppression 10dB 10dB @ R U ST e it R
Beam shape LGss TEMoo LR = B O e\ O GEIEEEEEE SR G
Beam radius 7.25cm 12cm SRRt R W, "SRR [ o EE e Rtk
Clipping loss 1.6 ppm 1.6 ppm M;_;L_ii_iﬁ:E :-BEUHL}”WALLE“;“LML
Suspension Superattenuator| 5 X 10m 25 bt ) B R
Seismic (for f > 1Hz) 1-1077 m/f2 5.107° m/f2 10 10° 10" 10° 10° 10*
Gravity gradient subtraction none factor 50 Frequency [Hz]

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

S For more details please see S.Hild, S.Chelkowski, A.Freise, J.Franc, R.Flaminio,

N.Morgado and R.DeSalvo: ‘A Xylophone Configuration for a third Generation Gravitational
Wave Detector’, CQG 2010, 27, 015003
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How to

VIA VERITAS VITA

> For efficiency reasons
build a triangle.

< Start with a single
xylophone detector.

build an Observatory?

Einstein Telescope
C
\\
>

Xylophone option (ET-C)
10km

- -_-..-..-..-.....-........._I

____________________ 3

Each detector (red, green and blue)
consists of two Michelson inter-
ferometers. The HF detectors need
one filtercavity each, while the LF
detectors require 2 filter cavities

each due to the use of detuned
s
Q
N

signal recycling.
Out

Stefan Hild
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How to build an Observatory?

Einstein Telescope
Xylophone option (ET-C)

3 FO r effi CI e n Cy rea SO n S Each detector (red, green and blue)
. . consists of two Michelson inter-
f ters. The HF detect d
build a triangle. e k31 o i e L

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

< Start with a single Signal recycling.
xylophone detector.

2 Add second
Xylophone detector
to fully resolve
polarisation.
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How to

=

For efficiency reasons
build a triangle.

Start with a single
xylophone detector.

Add second
Xylophone detector
to fully resolve
polarisation.

Add third Xylophone
detector for
redundancy and null-
streams.

build an Observatory?

Einsteln Telescope < s
L]
xy|°ph°n. optlon (ET C) ”,:I Number of 'long' suspensions = 21
ITM, ETM, SRM, BS, PRM of LF-IFO
Each detector (red, green and blue) ”" # L Gm-LF ( of which 12 are crogenii?
consists of two Michelsen inter- IS S Yo
ferometers, The HF detectors need & Number of 'normal’ suspensions

” p (PRM, BS, BD and FC) = 45 for

one filtereavity eaeh, while the LF " O \ . ne
detectors require 2 filter cavities / » ,," Grn-HF 22 ""era’tfl[:;f‘rgjl"a"r"zft::‘zaf"i‘ﬁfg;

each due to the use of detuned
signal reeyeling.

Beams per tunnel =7

/
Ny
D ¥
S Y
e
e
Red-LF N
In H L] BIU l‘ ?
‘ ----_---—--—-—-—-—-—'l-'l--l-ﬂ.-hq.q_-._-._ _il U'LF %, %
Ot~k ettt T T ST ST T T T TR R A AR A AR AR EEEE R . - - <
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Overview of this presentation

Some Warnings first ...

2G = 2.5G = 3G

Where is the transition from 2" to
3rd Generation?

The Brute Force approach to
achieve the 37 Generation target
sensitivity.

Can we do it a bit more realistic?
— The xylophone approach.

E

A Zoo of even more fancy ideas ]
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2 Other Quantum-Non-demolition Techniques

/- 2 independent \ f = Mach-Zehndeh/ = Sagnac I / ¢ Optical bar )
cavities —

. .
\*";I N ‘7!/‘/\ V‘/\ 5 |

ns—ns optimized quantufh noise
| | @_ 1072 § classical noise

< Detector topologies different 5
than Michelson might offer 8 oo |
even better quantum noise i
reduction, i.e. Dual Recycled ! .- \
Sagnac with arm cavities or AANXT TN
Optical Bar / Optical Lever oo

topologies. Speedmeter sensitivity.
H. Mueller-Ebhardt et al:

https://pub3.ego-gw.it/itf/tds/file.php?callFile=ET-010-09.pdf
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Waveguide Coatings

l Constructive interference

R

Incident light

< Waveguide might provide a
way to reduce coating
Brownian noise.

i \ | Y
:> Idea: r6p|aC|ng the Destructive interference
dielectric (lossy) multilayer Briickner et al., Optics Express 17 (2009) 163 — 169

stack by a mono-
crystalline silicon micro
structure

IAP Jena 2.0kV 7.0mm x35.0k SE(M) 11/7/2008

Brickner et al., Optics Letters 33 (2008) 264 - 266
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End mirror (Khalili) cavities

3 Kha““ CaVitieS (F.Khalili Physics Letters A, e
2005, 334, 67 - 72) dllow to reduce the - | ==—=ET single
influence of coating Brownian 1| ophone tota
noise. - - -ET-HF

10 —T-r =
EEMy F | FEEXXGFIFAHCCEOC OIS FAEAAF S SR EITAHC ST ASFFRAT
KCy [E5 ew 3 AR
]
§1° S EECCIEITIEEC SR ICTEERE
No Khalili\: -+ N\ - =-rfmnr - diin- o ooer
g
7] ]
10 T N ; T
|My : 7‘:¥¥‘ j | J1IC ;:::::*ii‘
PRM :ES [{IMX 'EMX)]_):EIEMX kkkkkkkkkkkkk
EI; 10'25 L1l ] “1. [ . L1l
10" 10 10° 10’ 10°
SRM %PD KCx Frequency [Hz]

< Using Khalili-cavities as end mirrors, we can reduce the total mirror
thermal noise of the whole interferometer by about a factor 1.5.
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GLASGOW ¢

2 3" Generation starts where the enhancements of the Advanced
detectors hit the facility limits.

< There are many approaches to achieve the sensitivity targets ...
some more elegant/clever than others.

2 In principle we believe it should be possible to achieve the 3™
generation sensitivity target (about factor 10 better than 2nd
generation + pushing down towards a few Hz).

< Lot’s of exciting challenges ahead of us!

.... for instance by joining the ET-Science team nup.//www.et-gw.eu/science-team
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Time Lines (from GWIC Roadmap)

2010 2011 2012| 2013| 2014| 2015| 2016 2017| 2018 2019| 2020 2021 2022 2023| 2024 2025 2026|2027|2028

AdvLIGO ‘

AdvVirgo
_—
LCGT
GEO-HF
IR IR I S A _——
ALGO L
IR S S — —-——-
ET .
IS IS N s Y A N I i M E—
US3G

Key

Concept I Fabrication
Design ]
Funding Commissioning

Site Prep . Upgrade

Installation
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