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. ET sensitivity in context

VIA VERITAS VITA
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At what frequencies do we need to
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Source Parameter Estimation with ET

< How would GW150914 look in ET?

Salvatore Vitale Vitale, preliminary
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Source Parameter Estimation with ET

< How would GW150914 look in ET?
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Inspiral times
< What is the gain from pushing from 10Hz down to 2Hz?
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Where are we?

You are here!

Salvatore Vitale
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Where do we go from here?
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Neutron star modes
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ET sensitivity in context
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Quantum Noise limits most of
the frequency range.

Coating Brownian limits in the
range from 50 to 100Hz.

Below ~15Hz we are limited by
‘walls’ made of Suspension
Thermal, Gravity Gradient
and Seismic noise.

And then there are the, often
not mentioned, ‘technical’

noise sources which trouble
the commissioners so much.

Noise Sources limiting the 2G
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: Xylophone Concept

VIA VERITAS VITA
5 l s 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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VIA VERITAS VITA

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

Suspension Thermal
and Seismic:
Superattenuator

Gravity gradient: No
Subtraction

Thermal noise: 290K,
12cm beam radius, fused
Silica, LG33 (reduction
factor of 1.6 compared to
TEMOO).

The High-Frequency Detector

Strain [1/VHz]

= = = Quantum noise
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Excess Gas I
mmmm ET-HF: Total noise

SN S G Sy = g -

P - -CI332 100
) ot e o B B m {1

Lt P
T T TTI

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

S.Hild et al, CQG 2011, 28 094013
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The Low- Frequency Detector

S Quantum noise: 18kW,
detuned Signal-Recycling, 10
dB frequency dependent
squeezing, 211kg mirrors,
1550nm.

< Seismic: 17m Superattenuator

< Gravity gradient:
Underground, Black forest
location

< Thermal noise: 10K, Silicon,
9cm beam radius, TEMOO.

< Suspension Thermal: 3mm
Silicon fibres. Penultimate
mass at 2K.
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As mirror TN is no longer limiting, one can relax the
assumptions on the material parameters and the beam
size...

S.Hild et al, CQG 2011, 28 094013
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Newtonian Noise

VIA VERITAS VITA

< Seismic causes density changes in the
ground and shaking of the mirror
environment (walls, buildings, vacuum
system).

< These fluctuations cause a change in the
gravitational force acting on the mirror.

2 Cannot shield the mirror from gravity. ® e

Coupling constant (depends on type of Gravitational
seismic waves, soil properties, etc) constant Density of
\\ / _— ground s
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ET will ‘go underground’

Horizontal spectral motion at various sites
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Gravity Gradient Noise
2 2 2
Nog(f = 282G fr x2
2 ET-B and ET-C assume a GG L2 . f4 seis>
medium quiet site + factor
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=SZZZ3=ZZFZ]=mmET-B total noise
2 ET-D considers very quiet B iiiiiiliiiliii____'ET,;\‘,’“?E',,':,?;*:,‘;&,.Z,
underground site (about 5e- 10 EX SSTZSISEC] oSl Gradonts 06 |
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g
2 Please note: =
» ET measurement campaign g
showed several sites on the =
same level or even better
than the BFO site.
» Biggest uncertainty in beta
Frequency [Hz]
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The ET core interferometers

ET-C/ET-D [

Low Frequency

Opening angle = 60 deg

ET-C/ET-D h

High Frequency

Opening angle = 60 deg

PRM
Laser
1064nm SRM
Filt ity 1 o
ilter cavi
O ]] .................. t¥ .ﬂ HDH Squeezer

- /. /

4 Optical element, Optical element, Laser beam 1550nm

n Fused Silica, I Silicon, Laser beam 1064nm

\_ room temperature cryogenic 0000 ccccceeeas squeezed light beam
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Parameter ET-D-HF ET-D-LF S-Sl o/ k=== == == = = H
ZTCOJZIDDTIEIFIEZZDED H
Arm length 10km 10km CIZ3Z3S33 Rz zED —ET-B I
Input power (after IMC) 500 W 3W - o Toani - oo o =——ET-C (Xylophone)|
s o o 22 S o
mperatur -
Mirror rr.lateria,l ' Fused silica Si}icon =10 EE%E%*H%“EEEEE E:EEE:‘:E:Itt;;%;Ei%%SE
Mirror diameter / thickness 62cm / 30cm min 45cm/ TBD E CIOZIDOOnICIIC O ICDoOnIIZIZIa3100
: B T [ S B o e Bl ol o = [ ST SIS S S I H
error Inasses 200kg 211kg E | t [ :l ! | lF | : :rll | L 41 | TLFJ 1
Laser wavelength 1064 nm 1550 nm o Lo RN RN
SR-phase tuned (0.0) detuned (0.6) 9 10731 1y Y R S
SR transmittance 10% 20% = =Z3Z3373taf-ccocgranf--3craiiiog
Quantum noise suppression freq. dep. squeez. freq. dep. squeez. £ AT T TATTT T T T rATI T T T T
Filter cavities 1 x 10km 2 x 10km g AR N I D)

; . . pr N iu i niaintalainialnt Safn ) dhalie T
Squeezing level 10 dB (effective) 10 dB (effective) 0 o T AR
Beam shape LGas TEMgo 10 === SEEEIEEEISSIES IS SERaEEESEs
Beam radius 7.250m 9om SRR, ISR 17° SRR
Scatter loss per surface 37.5 ppm 37.5 ppm —md— 4 n Lk — - - b Y]
Partial pressurefor HoO, Ho, No  107%,5-107%,107° Pa 1078, 5-107%,107° Pa - - J‘ - 1‘ —:—H -H - == :— —:— |L lL:—: IL:IL - - il - ‘L J‘ J‘ i‘ :—H—
Seismic isolation SA, 8m tall mod SA, 17m tall 10-25 L Ll L

5 3 p . —10 2 . —10 2 0 1 2 3
zel:n'l‘ic (fogdfe;t 1skat) action 1510112 w/! iorig /! 10 10 10 10 10
ravity gradient subtracti Frequency [Hz]

4

< 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

o 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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The ET Footprint Single L-shaped IFO Triangle of 3 IFOs

As ET is a new infra-structure,
we can start from scratch.

What to see the full sky.

Want to resolve both
polarisations.

Want to have redundancy' Freise, A.; Chelkowski, S.; Hild, S.; Pozzo, W. D.; Perreca, A. & Vecchio, A.
CQQG, 2009 26, 085012 (14pp)

1 Triangle vs 4 Ls:

» Both have 30km integrated tunnel A
length
» Both resolve both polarisations and km
offer redundancy. 7.5 km
» Both give equivalent sensitivity.
» Triangle reduces the number of Y

end stations.

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

ET will be a triangle.
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How to build an Observatory?

Einstein Telescope
Xylophone option (ET-C)

< For efficiency reasons Fach detector e, reen on bl
build a triangle. ome Hicercavity each, while the LF-
ach due to the use of detuned
< Start with a single
xylophone detector.

10km
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= How to build an Observatory?

VIA VERITAS VITA

< For efficiency reasons
build a triangle.

< Start with a single
xylophone detector.

< Add second
Xylophone detector
to fully resolve
polarisation.

Einstein Telescope
Xylophone option (ET-C)

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
signal recycling.

Stefan Hild German ET meeting, June 2018 Slide 25
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How to build an Observatory?

Einstein Telescope ‘ s
= - xylophone optlon (ET-C) ”l:I Number of 'long' suspensions = 21
f‘f /% I Grn-LF (ITM, ETM, SRM, BS, PRM of LF-IFOs)
3 FO r e |C | e n Cy rea SO n S Each detector (red, green and blue) o ” of which 12 are crogenic.
. . consists of two Michelson inter- ” ”l’ % X . ' _
build a triangle B o ez e Wy g A i o
. one filtercavity each, while the LF " O ! iy o -

detectors require 2 filter cavities / # Grn-HF &\& o e e iier

each due to the use of detuned \

Beams per tunnel =7

3 Start Wlth a S|ng|e signal recycling.
xXylophone detector.

< Add second
Xylophone detector
to fully resolve
polarisation. Y

N4
2 Add third Xylophone !
detector for o N

redundancy and null- 4}”_25 i I 2%
streams.
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Are there ways to reduce costs?

ET COST BREAKDOWN
Tgtal ootics(FULL SITE, SINGLE IFO)
Construction 827 : "
Cryogenics 4%
(Me) 1%
contingency 30%: Vacuum
21%

Total with

contingency 1075

[ Subtotal (ke)

Site
72%

ET COST BREAKDOWN

| Comtrucﬁn Totals| 82.6.674 Optics (FULL SITE +3 IFOS)

9%
_\

< According to design study numbers >85% of Cryogenics
cost is in site and vacuum.

Site
46%
2 These are the obvious points to look for

savings (if we have to?). -
39%

2 For example: can we think of less tall (<17m)
towers to achieve 2Hz sensitivity target?
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Quantum of Low-Frequency detector

< Employs detuned signal recycling => needs

S.Hild et al, CQG 2011, 28 094013

two filter cavities. . S—
2 Required parameters for filter cavities R e e e e e e
challenging: Detuning of 25.4Hz and 6.6Hz and S, Ty
half bandwidths of 5.7Hz and 1.5Hz. T [
< To achieve such low bandwidths very long %10-24 BN 5
and/or very high finesse cavities are required. e e s s o s
Fii 0 s gt s
< Total losses at resonance frequency are the Sy ey
product of roundtrip losses and filter cavity |- - - Quantum nolse, ET-C LF
. 1075 R HEHE R
finesse. 10° i 10" - 10°
requency
< 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.
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Filter cavities for squeezing

< Can we reduce the length of the filter cavities or even get rid of
some completely? (would reduce tunnel requirements as well as

vacuum costs)

Class. Quantum Grav. 28 (2011) 094013

102

= = = Gravity Gradients

Strain [1//Hz]

=== Quantum noise: no signal recycling (1 FC)

=== Quantum noise: tuned signal recycling (1 FC) |

=== Quantum noise: detuned signal recycling (2 FC)/]

Frequency [Hz]

Sensitivity [1/rt(Hz)]

Figure 174: Sensitivity curves for ET-D-HF assuming various lengths for the filter cavity. Parameters used: round-trip

Quantum noise ]
FCy=300m —— -
FCy=500m —— |
FCy=700m ——

100
Frequency [Hz]

1000

loss 75ppm, 9% frequency independent propagation loss, pure 20dB squeezing injected.
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Discussion: Xylophone vs Single detector

[ )

VIA VERITAS VITA

ET Design study, ca 2010 Potential way to market ET in future?
N B e R e e = W — Seismic: Black Forest
ST AT e S S - - —ET-D-HF | T T T T 71— Newtonian Gravity: 20x subtraction
--\ —1—“; i 1 - - - Residual Gas: 0.3 nTorr ofH2
[ I iyl | I -

— e B EEE - EER e EEEEE = —ET single, 120K

g i e e e i B TNV N0 N0 ET-D

=1 S A S S I A -+ aLIGO design

3 3 = ET Facility Limit

= i T T i o e e Bl el b G C $Adv LIGO

.E 777777777777777 - H

I Sttt (i Sl e -

o i

iET-120K

Frequency [Hz] E---q-- - T —
_ L 10° 10t 102 103
« Emphasis was set on designing Frequency [Hz]
long lasting infrastructure (did not « Instead of showing a single sensitivity curve
go for optimistic elegance but we show an initial sensitivity curve of a
worst case complexity). relative simple and cheap detector + the
* Resulted in very costly design facility limit to highlight future potential

Work carried out by all participants of ET workshop in Glasgow
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Discussion: Single detector for all frequency?

T T TTTTE T T T 1T II| T T T T TTT T T = Quantum: P;, = 250 W; {, = 10 dB
= Seismic: Black Forest

Newtonian Gravity: 1x subtraction

Susp Thermal: 120 K Si blades and ribbons.
% T 1.5m fibres, stress: 69MPa

8| ——— Coat Brown: a-Si:Si0s ®eoy = 2¢-05
Coating ThermoOptic: Wheam = 10 10 cm

10—22

Sub Brown: Si mirror (T = 120 K, muyiner = 200 kg)
~| = = Residual Gas: 0.3 nTorr of Hy

Sub Thermo-Refractive

Carrier Density: 10%/cm?

Total

Adv LIGO

ET-120K

g ) + Abandoning the EF
detuned RSE, wéf
bg -

Frequency [Hz]

« Single detector design relies on 120K + silicon
3MW, Dual Recycled Michelson, Squeezing +
short filter cavity, no GG noise subtraction, etc ==

Work carried out by all participants of ET workshop in Glasgow
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Example a of a more ambitious
single detector sensitivity

— Seismic: Black Forest
— Newtonian Gravity: 20x subtraction
|- - Residual Gas: 0.3 nTorr of H2

- |—ET single, 120K

........ ET-D
N - aLIGO design
1072 2 :
E - ===ET Facility Limit
> - 1~ 3MW speedmeter, 40m FC, 30ppm los$
g i EET—120K .2
= 107 £
+ C 3 : Js
A B “edl A i BPD
1072 i
FRRRRATIRR P i W S W Y I R R AW :
10° 10! 10? 103

Frequency [Hz|

Work carried out by all participants of ET workshop in Glasgow

Stefan Hild German ET meeting, June 2018 Slide 56



()
=
N
®
(®))
@©
=
O
O
—l
o
—
>
-
L,
o




