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A& Universit :
ofGlasgowy Overview

Where it all starts: ... the sensitivity target.

ET-D quickly explained

From ET-D to the full ET observatory

ET optical layout:
» Arm cavity design
» Central interferometer design
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ok gf%ﬁirgsé% The starting point for ‘everything’ ...

« At the current stage of
the design nearly
everything is done for
sensitivity reasons.
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» ET-D: refined
Xylophone approach.
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})ij%ﬁesrgsé% ET-C/ET-D Core interferometers

-

D \( ET-C/ET-D )

High Frequncy

ET-C/ET-
Low Frequncy

SRS

Squeez_e; Filter cavity 1 e =
O n-------- . - .[[ .......... ﬂ Hoﬂ Squeezer
' AN /
Optical element, Optical element, Laser beam 1550nm
n Fused Silica, i Silicon, Laser beam 1064nm
room temperature cryogenic 0 cececccecces Squeezed ||ght beam
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A Universit : : :
5 o Glasgow Gravity Gradient Noise
Q2 2 2

- ET-B and ET-C assume a Naa(f)? = 4-3%.G?. p? X2
medium quiet site + factor 50 L2?2. f4 sels?
GGN subtraction.

« ET-D considers very quiet SSESELCCCEC mmErBUimsce | |
underground site (about B ‘ZZZIiZIZtII T e Gravity Gradionts 1.2
5e-10/f2*m/sqrt(Hz)) at Black 107 EXs==zg=sE 5]~ = *Gravity Gradients =06 |

— — 1 ===t = 1= = =Gravity Gradients =0.3
Forest. 3 ; = = = + = { = = « Gravity Gradients 3=0.15
-22
£ 10 F======
* Please note: §  E==:=¢ §CE-Eii ===
> ET measurement campaign £ 108 i —
showed several sites on the ‘% FEEEEEEEE CEE e CCEEE
same level or even better I e T ‘
than the BFO site (see talk by 10 ESSSES3SSSESSEEESSMETSSSSS=5
M.Beker). _25::::::;':::*‘;““ L. S—
> Biggest uncertainty in beta 10 10° o
Frequency [Hz]
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Ef%f;?g%% Suspension Thermal Noise

« Silicon fibers of 3mm
diameter and 2m length. e e e
N e e e = - Suspension thermal noise
107 Pt = ——r g L
CSESXISSE3CEEEQFSCSZIZCESZEIEEF=SCZ=SEE
* Test mass temperature = S e e R e
22 I | [ N I I | I | D A I B | |
10K 0 ESENEEEgEErESfEsigcEensssaninnas
= SSSRNISISCCIOF==ZIZSCoCIIIL=CSoss
° Penulitmate mass ;«10-23 T R T
¢ ture = 2K §  pIITEInNerreiTiisfipIeiipaiicic:
emperature = = e St e At ==~ rTIT 1T
§1¢ EErEiErEd: e oo EEIEEEEEEE
< = L L - o 7 A e
w PR I Bl S B A (e f Lo ws b s
10 i S B JreTapn I
SSS355555EEEnF oS AFSEFSEIFEFSCSS=E
* P. Puppo, Journal of Physics: Conference Series ::ZEZZ:ZBZEEEB :2:3225-‘}_ f: =149
228, (2010) 012031 10 T -
« P. Puppo and F. Ricci, General Relativity and =SS3SS5S3Scerat=SS35SEE5553E
Gravitation, Springer Netherlands, 2010, 1-13 :::¢::':::FFFH ::::::F:lz:;:tl --v
* F.Ricci, presentation at GWADW 2010,Kyoto. 1077 L L L i th !
Available at:http://gw.icrr.u-tokyo.ac.jp/gwadw2010/ 10° 10’ 10°
program/2010_GWADW _Ricci.pdf Frequency [Hz]
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M University

of Glasgow

Summary of ET-D parameters

Parameter ET-D-HF ET-D-LF

Arm length 10 km 10 km

Input power (after IMC) 500 W 3W

Arm power 3MW 18 kW
Temperature 290 K 10K

Mirror material Fused Silica Silicon

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

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 LG33 TEMgqo

Beam radius 7.25cm 9cm

Scatter loss per surface 37.5ppm 37.5ppm

Seismic isolation
Seismic (for f > 1Hz)
Gravity gradient subtraction

SA, 8m tall
5-1071%m/ f?
none

mod SA, 17m tall
5-1071%m/ f?
none

ET third GM, Budapest 2010
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& Universit
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Summary of ET-D parameters

Seismic isolation
Seismic (for f > 1Hz)

Gravity gradient subtraction

SA, 8m tall
5-1071%m/ f?
none

Parameter ET-D-HF ET-D-LF
Arm length 10 km 10 km
Input power (after IMC) 500 W 3W
Arm power 3MW 18 kW
|__Temperature 290 K 10 K
Mirror material Fused Silica Silicon
Mirror diameter / thickness 62cm / 30cm min 45cm/ TBD
NMITTOr masses 200 kg 211 kg
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
Squeezine leyel 10 dB_(effective) 10 dB (effective)
Beam shape LG33 TEMgqo
Beam radius 7.25cm 9cm
" Scatter loss per surface 37.5ppm 37.5ppm

mod SA, 17m tall
5-1071%m/ f?
none
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A Universit :
of GlasgowY Overview

 Where it all starts: ... the sensitivity target.

 ET-D quickly explained

 From ET-D to the full ET observatory

 ET optical layout:
» Arm cavity design
» Central interferometer design

iniedl ET third GM, Budapest 2010 S.Hild Slide 12



=
-
O
)
(©
e
)
(7p)
O
O
T
LLI
=
 Cl
)
i
T

1ty
ow

M Univers
of Glasg

— ET-D for full traingle of 60deg IFOs

—ET-D for 60 deg

—ET-D

108 N R O s 1 A
N O W T DT W (YW AT
Udld_ LLoJLdLlLl.
1T T
ATTATF =" TATTTI rgr ==
Hadd=bmbm =

[ I |
Hdddeb b=

EEEE R TR
|

TATTT=F=r==1
tHt ===
Eld bbb b b o
i

LI I B i
11|

TTTTI r- -
IR
FlA+ == = = ]

=t el =A== - d=-d-F 3 ddJ - ==F === =F = -

Lidlld L.
Ldildala
LN
e

TTTI r~
= -
rerr

L

HHAt4=F=t===
BHA4 Aok o b e e o
il |
mnaTA~r=r---7
NI
mnaTI~r=r---
e
HHA4A=F ===~

tHt -
Hdb b4l

R
HA+ A== == =
IR

[

[

1o

[
TIrrror T T TTTITTr T T TTTrrTrTT mrrTrT T
pATA=r=r===lrATT1-r-r==raTT1-r-r-FnIrrro--re-
rATI=r=r==-frAT7T1-r- ArTTrer-r=gAnTreT

Hitrt

[(zH)ubs/L] urens

10

Frequency [Hz]

\AAIJ

Slide 13

S.Hild

o
A v
o
AN
-+
(79}
()
Q.
©
©
-]
m
=
Q)
©
=
N
-+
Tll
L




Slide 14

-t
MOTIT L JIOIIT_C_T__] OITTI T _C__1] AOI
Budad-c-to-jluata oL parLioo-b--J
I
n o Haddob b "y
H LL frddabmrmd <
i - =
I —~
i it~
> ! o =~
H d S
—~ i S =
A v | ©w »
) Y
a ..“ b TRTTT-r=r--- L0
V H ) S . L0
! c [N N T
m u " TATTTI™C™r .
| O« || ettt
e u O i TATTT Cr=r="17 —
H o - HEFS SR
S _ o — i .ﬂ. __
=
ol | | ©< Z | o o
! . - S ]
| (o o] o, —— T
i Y b Q S :
o c
1 QQQ b S| | < n
_I Il el el P m. -~
|
n W wuw Hld bbb ) VA
— — — |
n _ _ _ Ml b
| L
L o
- ;_T_._._Tm-".-_f--- -
e I I n_ -
e i
S—
= I =
| [ o
e hA1T1-r-r---rATTA-r-r--qraTrI-r- 9 p)
FATI=r=r===TATTA-r=r==rnT7I1-r-
h MHAtA=F=t===[tHtT4-F=F==—tHtt1-F -
FYNR N PRI NP IS N o¥ A Py Ay Spp __
e | e
T LU i O e B e
-
QO
S
|||||||||||

0

N N

o =
-

0-23

Y~ )

1ty
ow
A

o
A v
o
AN
-+
(79}
()
Q.
©
©
-]
m
=
Q)
©
=
N
-+
T
L

1VCTS

60 deg

Un
of Glasg
\90 deg




g g%‘éirgsé% The full ET Observatory
-

A | S .
—ET-D 2=
. :"|——ET-D for 60 deg o
3 22 ' ET-D for full traingle of 60deg IFOs | ||
3 \90 deg — 10 e SESSEEEFCooooooofo3o3-f3339cooooioocEsiosebn
T B g Rt G ASmtas oG ot s o ) PBGa aa B Ho BAAE
\_ J ::8_ o N
4 B g
a 24
& 10
$
60 deg
10-25
\_ Y, 10" 10" 107 10° 10
Frequency [Hz!
4 a 1
h =———xh =1.155x h
1
thZ _ _thg()ZO.S].GXh(f)go
\_ p, () v/ (sin(60°))? + (sin(60°))? (f)
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University
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/

w301

The full ET Observatory

Einstein Telescope
Xylophone option
(ET-C and ET-D)
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A Universit :
MeNS@ Can Laser Beams pass a suspension?

« Can we pass one ifo beam through suspension of another
ifo?

* In principle that does not sound impossible, perhaps rather
an engineering task.

 If you do not want to cross the main arm cavities there is no
way to avoid one input beam passing suspension of another
ifo.

W5 ET third GM, Budapest 2010 S.Hild Slide 17



Ef%ﬁesrgsé% Crossed beams in a single 2m-tube?

Slide 18
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})f?;lﬁirg%% IFO beams passing through suspensions

* HF through LF suspension or vice versa?
« HF beam would heat cryogenic LF suspension too much.
* Lots of constraints on last suspension stage of LF IFOs:

v Need to be compliant with heat extraction requirements.
v' Suspension thermal noise

LF-IFO beams passing
Through suspension
of HF-IFO

0.5-1km

S.Hild Slide 19



Ef&lﬁirg%% 2 detectors on top of each other

TOP-VIEW

N y
4 ] N
SIDE-VIEW Introduced
Folding mirrors
In MICH of ET-HF
: . 0.5- 1 km ‘ : 8.5-9.5 km
LLLLL " R B L

S.Hild Slide 20



*ié University

of Glasgow Required space for individual IFOs

- ET-LF:

D1050
> 45cm free aperture

18

D 1500
/
/
1 .
/
/

/ )

!
; \
/
f

r
r
1400 l‘
|
u
1

T\
|
\\\ ’ /

Mylobdl ET third GM, Budapest 2010 S.Hild
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< of Glasgow

Required space for individual IFOs

i
/
f

D 1500

D1050

o
74

1§

./
/ J
/
/
/ ‘

7
!
!
/

/
[
1400 |
I
|
|

i

- )

=y

il ET third GM, Budapest 2010

ET-LF:
> 45cm free aperture

»> 2x5cm free space

S.Hild
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:Lé University

of Glasgow Required space for individual IFOs

« ET-LF:
> 45cm free aperture
»> 2x5cm free space

// 6 > 2x10cm baffles
/ /

&

1§

|
\ o /

Ul £T third GM, Budapest 2010

/
[
1400 {
I
|
|
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Y|

g%ﬁirgsé% Required space for individual IFOs

« ET-LF:

i > 45cm free aperture

»> 2x5cm free space
» 2x10cm baffles

» 2x10cm liquid helium reservoir

Unlinl £T third GM, Budapest 2010 S.Hild Slide 24



Ef%f;?g%% Required space for individual IFOs

 ET-LF:
> 45cm free aperture

1§

> 2x5cm free space
» 2x10cm baffles

» 2x10cm liquid helium reservoir

» 2x10cm liquid nitrogen reservoir

PUsiasll £T third GM, Budapest 2010 S.Hild Slide 25



Pyl

it }féf;?g%% Required space for individual IFOs

(o Ve |

 ET-LF:
> 45cm free aperture

2x5cm free space
2x10cm baffles
2x10cm liquid helium reservoir

2x10cm liquid nitrogen reservoir

YV V V VYV VY

2x8cm tube wall +
reinforcement ribs

PS8 ET third GM, Budapest 2010 S.Hild Slide 26



Pyl

i University

of Glasgow

Required space for individual IFOs

 ET-LF:
> 45cm free aperture

2x5cm free space
2x10cm baffles
2x10cm liquid helium reservoir

2x10cm liquid nitrogen reservoir

YV V V VYV VY

2x8cm tube wall +
reinforcement ribs

A\

2x10cm baking insulation

PS8 ET third GM, Budapest 2010 S.Hild Slide 27



Ef%f;?g%% Required space for individual IFOs

 ET-low frequency IFO:

> 45cm free aperture

> 2x5cm free space

» 2x10cm baffles

» 2x10cm liquid helium reservoir
>

>

2x10cm liquid nitrogen reservoir

2x8cm tube wall +
reinforcement ribs

» 2x10cm baking insulation

« Total diameter required =
151cm

PUsiasll £T third GM, Budapest 2010 S.Hild Slide 28



gfréﬁirg%% Tunnel Cross Section

e LFIFOs = msoom?
150cm Ny

+ HF IFOs =
120cm

D 6000

1400

* Filter cavity =
97cm

D 1200 '

e Tunnel inside
= 3550cm i i

= ET third GM, Budapest 2010 S.Hild Slide 29




A Uni 1t :

Where it all starts: ... the sensitivity target.

ET-D quickly explained

From ET-D to the full ET observatory

ET optical layout:
» Arm cavity design

» Central interferometer design

Unlinl £T third GM, Budapest 2010 S.Hild Slide 30



})frcl}lﬁ?g%% Arm cavity design

 Arm cavities are hearts of ET => most important part of ET.

 To reduce coating thermal noise we have to make the beams on the

test masses large. Temperature

A Boltzmann Geometrical
|_| . constant coating thickness
UEtann \ /
¥
input mi end mirror ) (f) 4\EBT C/(YI(;, + Y¢
Input mirror x = 5 ) I YL
c ™ _;Y rg \Y Y
‘ ‘ ' i Young’s modulus aser Young's modulus

of mirror substrate beam radius of coating

 There is a minimal beam size possible (limited by divergence of
beam).

 There are upper limits of the beam size:

» Available substrate size
» Cavity stability

v @8 ET third GM, Budapest 2010 S.Hild Slide 31



University

05 7 Clhsoow Gauss Beams in General

Slide stolen from A.Freise

z — 20 X 2R

z > ZRs <0 <

2 — 20 = 2R

b5l ET third GM, Budapest 2010

ZZR

S.Hild
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Efréf’a?g%% Mininal Beam and Mirror Sizes

N
o FTTT A T 1
N
n
S
®
8
— [ LA
u'min _ T °
—_—
Log(ROC)
setup min beam radius | min mirror diameter
[cm)] [cm]
LG33. 1064nm 5.8 50.2
For more details: LGO00, 1550nm 7.0 37.0
ET-0103B-10

/ % ET third GM, Budapest 2010 S.Hild Slide 33




o Glasgow Realistic beam sizes

Rlcloseto 0.5L |

» Realistic beam and mirror
sizes:

beamsize

» Pushing to towards 4 oS e :
maximum available //
substrate size 1\EEE A ’

» Pushing to cavity

. o >
instability Log(ROC)
IFO A beam shape | mirror diameter
ET-HF | 1064 nm LGaa 62 cm
ET-LF | 1550 nm TEMqgo 45 em
[FO RC wo Z0 w ZR
For more details: ET-HF | 5147.7Tm | 2.27cm | 4650m | 7.25cm | 1521.3m
ET-0103B-10 ET-LF 5489m | 3.11em | 4650m | 8.0cm 1964 m

_:?(-. t';z,/ v,
a
L
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g%ﬁesrgsé% Non-degenerate Recycling cavities al a 2G

Non-degenerate recycling cavity

0012 /\ /\!\ /\[\ i \

orsl L/ AL LA
§0.14 /IJ \ ’ }\\

2 !

D 0.12 [
3

S 0.1

5 /
3 0.08 I

/

by \/ \

SP
0.02 V
from IMC PRM1 2 4 20 40 60 80 100 120 140 160 180
rom . .
cP Single trip Gouy phase [deg]
_>
Fl
XP
d4_‘1\/ _ D
POPR
PRM3 cp IMX EMX
SRM2
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M Universit
M@ \Why do 2G NDRC do not work for ET?
T setup beam splitter diam. | beam sphtter diam.
(45 deg) [cm] (60 deg) [cm]
=v | LGO00, 1064nm 50 70
LG33, 1064nm 80 | 115 |
LGO00, 1550nm 60 34
o LG33. 1550nm 97 I 136 I
- My
from IMC l:ﬁm "R cr [ 'UPQTQ_POX
S)PR 5 )E
4 Required substrate seizes
s 5 f probably not available
< POSR

S.Hild
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ik }j%f;?g%iz Small beams in the central interferometer?

(o Ve |

For various reasons it would be nice to have small beams (few cm) rather
than 60cm beams in the central interferometer.

Could be achieved by focusing the beam down between IM and BS?

IM (with 700m lens EM
RM BS I inside the substrate)
10m 700m About 10000m

In order to reduce problems from imperfect optics, the focusing should be
rather gentle.

For current dummy design we assume 700m to focus from 60cm down to
scm.

Thermal noise in central interferometer?
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Efrcl;lf;?gsé% Potential way to get NDRC for ET?

f e focussing element in or near the I'TM with a focal length of f = 685m \
e distance I'TM-BS: 700 m
e distance BS-MPR: 10m

ET-LF:
e beam size on BS: 0.95cm LGO00, 1550nm
e beam size on MPR: 0.86 cm
k e Rayleigh range m central interferometer: 47.0m /

/

~

e beam size on BS: 0.89 cm

e beam size on MPR: 0.81 cm
ET-HF:
LG33, 1064nm

e Rayleigh range in central interferometer: 40 m

e Gouy phase: 7.6deg

e mode separation frequency: 9kHz For more details:

/ ET-0103B-10
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A University

of Glasgow Summary and Outlook

[ |

« Sensitivity studies are converging.

« Optical design Hierarchy

» Sensitivity => Arm cavity => Central interferometer
=> all the rest.

« Space for further action on Central interferometer:
» Mirror materials

Thermal noise / beam sizes

Thermal compensation for ET-HF

Astigmatism

Scattered light

>
>
>
>
> .
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