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Principle of detection



Effect of gravitational waves
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Effect of gravitational waves
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2 kind of polarisations




Gravitational wave amplitude

‘ -« > ‘ 2 free falling masses
L

GW
Amplitude of the deformatior
- 5 AL=(1/2) hx L




Gravitational wave amplitude

.
et L

Quadrupole formula :

203..
h= —1 Mass
P4 c*r ¥ quadrupole
Amplitude A moment
Distance

Typical amplitude for the fusion of 2 black holés
Mass ) ( 400 Mpc) (Frequency GVV)g

30 M, 50 Hz

h=1>5x10*%
9 ( Distance

Freq. GW = 2 x orbital frequency



Order of magnitude AL = 0.5 hxL

If h ~ 102" so we should measure ;




A more rigorous approach
e ————————————————————————————————————————

Gravitationnal wave

Starting from the Einstein
equation and calculating the
round trip time of the light.

Assuming a plane wave
monochromatic GW:

h(t) = hg cos(@agwt)

10



Modulation of the round trip time

. 2L ho . /OgwL
Timegr = - — gin [ ——) cos (wgw (t —L/c))
RT G
C Oaw C
A X \
usual round Amplitude of frequency of
trip time the modulation the modulation

1. For low frequency, we found the usual formula

2. The modulation sign is reversed for the other transverse direction
(with + polarisation)

3. No effect for certain GW frequencies
4. RT time change could be seen as a length change or light phase shift

17



1.
Michelson interferometer



A brief history
e ———————————————————

1916 — first calculation

1957 — accepted reality of GW

1960 — first detector

1970 - idea of laser interferometers

2008 — data taking with giant interferometers

2015 — first detection

2020 — weekly detections of GW sources




A network of detectors

d—

g s = e




An

tenna pattern of the detector

O e ———————————

+ polarisation

You have some blind spots !

(b)

x polarisation
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The simplest Michelson interferometer

e 1

] 2 arms along the North
and East directions
(N and E index)

N
2L

Beamsplitter End

Detection
= system

10



Propagating the electric field

Starting field : Eg

After propagating along a distance L : - ikl

(-

Dealing with the beam splitter (separating the light 50/50):

I'Bs

1

Irgs = tes =
'itBS \/§

Beamsplitter 17




Convention name for the electric fields

1

I'eM
Ln
Eq TEM
ﬁ L 1
L .
aser E‘EIPi)ch Beamsplitter l o E,nd
——— Mich mirror
(5] Detection
system

L
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Field equations

s ) Ll
BP 2 —12kL 2 —12kLg
EMich — (I.BSI‘EMC N tBSrEMC b) EO
DP . —i2kL . X 2Kk,
Enfien = (ll"Bstle"EMe N+ rggtpsreme E) Eq

Introducing differential and common lengths for the arms :

Ln—L
L. = N2 = — Ly = L, +L
I o LN+LE LE — L+_L_
. 2

Finally, we arrived at :

Enten = (—ie " sin(2kL-)) remEo

EBIPi)ch — (—ie_QkL+ COS(QkL—)) I'EMEO



Field equations

o ! 1

Envfen = (-ie ™" sin(2kL-) ) rpvEo

EBII;ch — (—ie_QkL+ COS(QkL—)) I'EMEO

From the two above equations :

1. Energy is preserved between the 2 ports

2. Common motion induces only a phase shift
3. Differential motion modulates the powers

The differential phase between the 2 arms due to the GW signal is
converted to a variation of power at the dark port.

Increase the phase difference to increase the signal !



Finlding the right operating point

Adding a differential length modulation due to a passing GW

1 h h
AL = 5 (LN (1 -+ ?0 COS ((Dgwt)) — Lg (1 - ?0 COS (G)th)))
AL = L +hoL, cos (@agwt)

cos(a + xcosb) cos(a) — xsin(a)cos(b)

Since the amplitude of the GW is very small: .\ | () ~ n(a)  xcos(arcos(h)

12

Egh (—ie—QkH (sin(2kL-) 4 2khoL, cos(2kL_) cos (mGWt))) remEo
By, = (ie_ZkH (cos(2kL—) — 2khg L sin(2kL_) cos (G)GWt))) renmEo

Need to be on the dark fringe to maximise the signal on the south
port ! 21



Finlding the right operating point

But, | do not measure an amplitude but a power with my photodiode...

o |cos(2kL—) — 2khoL sin(2kL ) cos (ogwt)|”
o cos®(2kL-) — 4khoL, cos(2kL-) sin(2kL.) cos (wqwt) + O(h{)

2
DP
‘EMich

If perfectly on the dark fringe, signal proportional to hZ,

Need to add a slight dark fringe offset to have a signal proportional
toh,

27



A closer look at the differential phase

Signal proportional to : khOL_|_

For a simple Michelson, to increase the detectable signal :
1. Lower the wavelength
2. Increase the length of the arm

Wavelength depends on laser availability and optics, it is fixed
at 1064 nm for current interferometers.

23



e

Some typical lengths for experiments “

Image: C Baker

Type of experiments Length

Current GW detectors ~ 1 km

Emsteln Telescope



ll.
More than just a Michelson

(or how to increase the sensitivity ?)



The Fabry-Perot cavity
e ———————————————————

Two mirrors facing each other separated by a certain distance.

Fabry-Perot cavity

— -

Input End
mirror mirror

Presence of light interferences inside the cavity, enhancing or destroying
the electric field between the 2 mirrors.



Cavity electric fields
e ———————————————————————————

R Fabry-Perot cavity
_0) Ecirc Etrans
-y —
- I'iv I'em
Eiret Input d End
mirror ~ = mirror
161 2 2 _
Feire = O I Tl = 1
1 — I'TMIEME
~tirteye K2
Etrans — EO

1 — rpyrepme 24

2 —1k2d
ref = | TIM — “ik2d | HO
1-— I'rvTreme




Circulating power a function of the detuning

Normalised circulating power [W]
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o
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Light round trip phase (k2d / 21m) R =99%
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Normalised reflected power ~Normalised transmitted power Normalised circulating power

100
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0.001 k& | L L 4

-0.5 0.0 0.5 1.0 1.5
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Light round trip phase (k2d / 21)

Cavity on resonnance

All the light is transmitted

R=99%

And nothing is reflected!



Some key numbers

1

TIM

The cavity gain G = 5
(1-vRivRem)

4
The finesse i VR Rey
1 - vRmRewm
The FSR :
; oL
FSR

The FWHM 3

30



Some key numbers For Advanced Virgo T =1.4%
= : Tem =2 ppm

The cavity gain G = T 280

(1- \/RM\/IREM)2

4
The finesse T = nvRivRey 450
1 - +vRmmRem
The FSR ¢ 50 kH
e — Z
2L
FS_R 110 Hz
The FWHM g (2 xbandwidth of the cavity) '



1

100 Rm = 0.99% |

10

0.1
0.01

Normalised circulating power
—

0.001 k ! | 1 4
-0.5 0.0 0.5 1.0 1.5

Light round trip phase (k2d / 21)

1.0

0.8

0.6

0.4

0.2

Ry = 0.99%
00k | I | 8
0.5 0.0 0.5 1.0 1.5

Light round trip phase (k2d / 2m)

Normalised reflected power

Special case of the arm cavity of GW detectors

The end mirror is
almost perfectly reflective

All the light is reflected
by the cavity

32



The cavity can amplify the light phaseishift

400fF T T T T T =i BUt Only When the
Riv = 0.99% cavity is on resonance!
Ry = 0.90%
_ 300F E 4
g —
©
= Tin
= 200 -
2 27T
2 S = —
* T
100 - - IM
QX ! t | | | |
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Light round trip phase (k2d / 21)

2§

Amplification of the GW phase shift by a factor: —— ~ 280
T 33



Thg signal recycling cavity |

e 1

New mirror at the
detection port to form
the signal recycing cavity

Create a new cavity with
the arm cavities

H

]

Laser [ i
Beamsplitter Input  Fabry-Perot cavity End

--------- mirror mirror
e | 5
¢ Signal D4 N

24 .

g recycling )

s mirror Detection ,
<~ .

N - _SyEte'm,
34




For the GW signal sidebands

. 1
mirror

]
' ' Input 1 |
mirror

Arm cavity

Beamsplitter Input  Fabry-Perot cavity End

mirror mirror

Signal Signal
recycling o rEC¥CI'ng !
. mirror  le———k——=—~ .
mirror 4 Detection Detection
= gystem system

Signal recycling /
é 1 cavity
I

View from the
end mirror,
the SR cavity
could be seen
as a mirror.

/

Possibility to tune the apparent transmission of input mirror for
the GW signal — could tune the bandwidth of the detector 35



The power recycling cavity
View from the laser, all
. the power is reflected
+ back.

Serer . Could be the end mirror

“A‘ 5 . of a cavity

: Beamsplitter Input  Fabry-Perot cavity End
mirror mirror

Detection
= S
ystem

36



The power recycling cavity

Input
mode
cleaner

l

Power
recycling
mirror

Laser

i
|

Beamsplitter

£

Detection
system

Input
mirror

—

Fabry-Perot cavity End
mirror

Possibility to enhance
the laser power by a
factor 40.

3/



The layout of a GW detector

i H—————————————————————————————

Input
mode
cleaner

l

Power

recycling == ===

mirror

The arm cavities

- e e s as o en en Ed cEn E» e» > @ @ @ @ @ o o

|

]
|
|
|
L

Laser

i
|

Beamsplitter

Signal
recycling
mirror

Input Fabry-Perot cavity End

mirror mirror

é Detection

system

Pesas oo e» enfen e e e

38



The layout of a GW detector
e ———————————————————

A system of coupled
cavities...

Input
mode

The arm cavities

cleaner
Power
recyc.ing
mirror

|

|

I.--'--—-—-—---—-I

et p L L L L L L LS

Laser Bea}nsplitter

' .
L e e e —----------
Sighal r
recﬁc-ll'l'h'g """ : ) ) .
mirror Detection 1 N€ Signal recycling cavity

system |




IV.
The fundamental limiting noises



How to quantify the noise ?

| ] |
s | |

Use the power spectral density : Sy

+T
Sv( = lim — |/ “lmtdt

T—oo 2

VI°

In unit of : o, that represents the noise power density in a given
Z

bandwidth as a function of the frequency.

2

More frequently, we use the noise Amplitude Spectral Density
(ASD): v/ Sv(®)

4]



Ok, that definition does not really help!

4

4 T
- | — Random signal @ 100 Hz| White noise
: | during
£ 60 seconds
8
“o 10 20 30 40 50 60
Time sl
2
g "I Mone witn LTPDA|
5o 10 20 30 40 50
Frequency [Hz]
1 T 5 oo
RMSy = lim (/= [ V?(t)dt MSy = ®)do
VS \| T /0 (t) RM5y /0 Sv(©) 42



The intrinsic shot noise _
Measuring an optical power is counting the number of photon for a
given time.

VA
A~

tlme

Laser
; P the optical power

Photodlod

Due to the discrete nature of light, arrival time of photons follows a
Poisson statistics :

Sen(®) = 2Ph Formula will determine the minimum possible
P differential displacement to measure 43



Shot noise limited (simple) Michelson

e L AL=(1/2)th
10— ———————————=  ASD output power of
- ---- Shot noise P=10 kW | 3 - :
e sokw| 1 My signal proportlonal
N to h and laser input
10 F 3 power.
N From the minimum
v 0 F 7 displacement we can
< frossesssssnnnnn o mieasure (SNR = 1), we can
= 2L | calculate the minimum h
S SOt I o] o 151= 421 o] [
; 1 (GW amplitude)
107 F E i 1 hpAc
[ o Sh ((D) — )
(2nL)* Po
24 | ool ool ol byl
0 1 10 100 1000 fqmin ) 2x10% 1/vVH7]
GW Frequency [Hz] L — 3km VPO 44



Radiation pressure noise

-
e 1

Measuring the mirror position with light, induced a back action : the
radiation pressure noise.

X J...r..
time i
| \.

Suspended | |

i) C

[——
X

Noise PSD for a simple Michelson: Sgp () ! hp
. ORP = \/ =
mL®? V cA

Laser




Quantum noise limited (simple) Michelson

h [1/vHz]

10_19 i LI | 1 1 I 1 | L | I I—_:‘
Quantum noise P = 10 kW ;
-- shot noise
) -- radiation pressure noise
10 —— Quantum noise P = 500 kW E
-.=. shot noise
--=- radiation pressure noise
10 ) E
107 F \ .
AR SRR GRS BRSSO Sy
10_23 E_ Y \.\'s _E
10'24J— | 1 1 [T AT Y 1 .\l\l il )
0.1 1 10 100 1000

GW Frequency [Hz]

46



h [1/vHz]

10

10

10

10

10

10

-19

1 1 1 | S I N 1 1 I I—_!
Quantum noise P = 10 kW 3
-- shot noise
-- radiation pressure noise
= Quantum noise P = 500 kW =
--=-- shot noise
---- radiation pressure noise
- SQL
11 L1 1 1 I—l
0.1 1 10 100 1000

GW Frequency [Hz]

Quantum noise limited (simple) Michelson

SQL = standard
quantum limit

2h
hsqL(®) =

ml? 2

47



Quantum noise with FP arm cavities

h [1/vHz]

-19

10 " F Input laser = 10 kW

C Quantum noise simple Michelson

- Quantum noise Michelson with arm cavities (F=450)

10 2§ £
10%' F

- [Shotnose ony]

-22

10 F
107 :

- [Shotnose ony] ]
10-24J— 1 1 [ S S e P ! II| 1 1 1 S R A | II Il—l

0.1 10 100 1000

GW Frequency [Hz]

The FP arm cavity,

increases the

signal but act as a

low-pass filter

48



V.
The technial limiting noises



Thg Advanced Virgo noise budget

Strain [1/VHZ]

—
o

10' __ T ST Ly

|
n
[

24

Quantum noise
Gravity Gradients
Suspension thermal noise
Coating Brownian noise
Coating Thermo-optic noise
Substrate Brownian noise
Seismic noise
- = = Excess Gas

OMC thermo-refractive

Alignment noise

Magnetic noise
= = = Sum of the plotted noises
Reference AdV curve

Frequency [HZ]

4

Done in 2012 for the
expected final
configuration of AVirgo

Similar noise budget
for Advanced LIGO

https://doi.org/10.1088/0264-9381/32/2/024001

o0



The Advanced Virgo noise budget

e ————————————————

Strain [1/VHZ]

Quantum noise
Gravity Gradients

Coating Brownian noise

Coating Thermo-optic noise

Suspension thermal noise

Suwsuaws oroiian noise

Seismic noise
:Auoao \:aa

OMC thermo-refractive
Alignment noise

= - Magnetic noise
-4 = = = Sum of the plotted noises

Reference AdV curve

Frequency [HZ]

Not limiting :
the seismic noise

ol



The ground is never still!
e ———————————————————

| — Cornudas, Texas

—10]|—LIGO (Hanford)
10 { — LIGO (Livingston)
| — Virgo (Cascina)

Horizontal motion [m/NHz]

10_1 1{|— Sanford Mine ; v, : 1
é '-'-'Pc erson NLNM .......... ............ ~ ,‘-". ..... : I-'
K;mioka Mine | v t' U n d e rg roun d
—12] 107t , |
10 _1 Lo 0 | T N 1
10 10 10

Frequency [Hz]

Gravitational radiation detection with laser interferometry — R. Adhikari - Rev. Mod. Phys. 86, 121

Comparison of different sites

02



Isolate the mirror from the seismic motion

) !

e Must isolate all degrees of freedom https://doi.org/10.1063/1.1150645
» Suspension based on pendula:

40
)
3
2 0f
2
L
g
=
=
. My mirror
50 » 1 l. 3

. . l HIN- Eli{i. . ol
Horizontal Vertical Frequency (Hz)

isolation isolation Transfer function 53



Possibility to tune the isolation

e 1

How to get more isolation?

Damping Multi stage Lower resonant freq
Lower the peak height Steeper isolation curve Better isolation
10%F ' ' 10%F '
10'F Aﬂ 10k A
£ 10 ) i 2 10—=""\
o 14
§ 107} § 107}
‘§ 107%F ﬁ 1072} N
107 107 f-4 D £-2
| IO o DR it G R ol S —4[ e R e S § R O S U E F 5 N e SRR |
10,07 10° 10' 10? 100" 10° 10’ 10 19,0 10° 10’ 10?
Frequency Frequency Frequency
Worse isolation More peaks Complex to realize

In practice: employ combination of these measures

Taken from: Noises in Gravitational Wave Detectors, K. Arai, LIGO Document G1401145-v2 o4



The Virgo supper attenuator
e ———————————————————————————

|

R e - :
/ #;._‘rig-f

i 4—— Filter Zero

Mechanical
Filters

Marionetta

Mirror

Virgo supper attenuator

https://doi.org/10.1088/0264-9381/19/7/353

3 10 A e
2 NN
= __,A_M e .
2 10° .<— Horizontal
=
5 10
.g .
= Vertical
m ‘\‘
o
2 10
g ‘\
= o R
1025 PRI | PP PRI | a2 o 2 aasgsal s a4 s s sl
0.01 0.1 1 10 100
Frequency (Hz)

Isolation transfert function 55



The last stage of the suspension

Where the mirror is attached

TCS: thermal compensation
(Compensation Plate and Ring Heater)

Taken from: The payloads of Advanced Virgo: current status and upgrades — Naticchioni — Amaldi 12

o6



Not only for the main mirrors

But also for the benches with critical optics !

Compact suspension
for mini tower

External bench

o/






Th

e Advanced Virgo noise budget

Strain [1VHZ]

S Gravity Gradients
- al noise
Coating Brownian noise
Coating Thermo-optic noise
- Substrate Brownian noise
Seismic noise

v = = = Excess Gas

OMC thermo-refractive
Alignment noise

: = - Magnetic noise
-4 = = = Sum of the plotted noises

Reference AdV curve

p—

Frequency [HZ]

At low frequency :
gravity gradient noise

oY



Gravity gradient (or Newtonian) noise
Due to local density variation in the surrounding of the mirror
(from Earth or atmosphere). Can not be shielded.

bbb )

s altrachon

propagation of surface wave
on the surface of the earth

Figure 7: Time-lapsed schematic illustrating the fluctuating gravitational force on a suspended mass by
the propagation of a surface wave through the ground.

lllusatration from: Gravitational Wave Detection by Interferometry - Living Review 60



Thg Advanced Virgo noise budget )

o | =

Quantum noise

N\ ' i Gravity Gradients Middle frequenCieS :
; S e . .
== cmmeemanase D coating thermal noise

= noise
Substrate Brownian noise
: Seismic noise
] = = = Excess Gas
OMC thermo-refractive
Alignment noise
.| = = = Magnetic noise
©/ = = = Sum of the plotted noises
Reference AdV curve

—_
o

Strain [1/VHZ]

10-24:___55_:_.::.::._..:L?i....::...: ...... Fp. TIESHR) By, CUTTIHINERIE R

Frequency [HZ]



Thermal noise(s)

Not only one thermal noise but several responsible for
displacement noises:

e Suspension thermal noise
* Thermo-optic noise

e Substrate Brownian noise
* Coating Brownian noise

T

Currently the worst
offender

62



A closer look at it: https://doi.org/10.1364/CLEOQ_AT.2017.JF1D.2
——— |

10

10 °

<Ax(w)>*

Surface displacement

o o.ls l ol @
Sensitivity band
Depend on:

* The temperature
* The mechanical loss (prop to 1/Q)

Use very high Q material, interfaces are critical 63



Monolithic suspension

Mirror, attachment, fiber: all made of glass.

Application of silicate bonding

64



Coating thermal noise

Intensive worlwide research to reduce this noise :

coating  coating Optimised
hickness - loss angle Coating materials
temperature f /
CTN w Large beams

beam size

Not possible in current
infrastructure

65



Phase noise from imperfect vacuum

)

Strain [1/VHZ]

—
o

10" :

|
n
[

24

Quantum noise
Gravity Gradients

Suspension thermal noise

Coating Brownian noise

Coating Thermo-optic noise
Substrate Brownian noise

o D i
SoWoa-Ralse

Excess Gas
SNe-imermo-refractive
Alignment noise

Magnetic noise

Reference AdV curve

= = = Sum of the plotted noises

Frequency [HZ]

Turbulences in gas, creates
variation of the refractive
index

The critical path of light is
under vaccum.
Limit of the facility

66



G1701480

LIGO Vacuum Chambers
and Equipment




The Virgo chambers

)

Total volume : 7000 m?

Pressure < 102 mbar



Advanced Virgo measured (real) noise budget
| |

I

STRAIN NoiseBudget; gps = 1265845489 (2020-02-15 23:44:31 UTC)
' : AR S R L b 4 R I | Y 4 S5
Measured raw; BNS 49Mpc, BBH 5.6e+02Mpc

10'19 T
Tki
v ‘H 03 goal, BNS 85 Mpc, LIGO-P1200087
s Sum; BNS 64Mpc, BBH 7.6e+02Mpc

| — "flat noise" estimate
10720 | l | AS(; . 5
Ly Calibration 1
1 \ DAC
.. : | — I:)alrmkedulation
Control W\ | ;
. 10-21 1 S c | —E
nOISe = \ _—— antum Vacuu ] .
L I - FS J
‘;E: \ = ismic-Therma | ShOt nOISe
— d - aslired cleaniBNS 55Mpc |BHH 6 2
. == \ | E
Suspension T\ 1 il
thermal N TN eI
. 10—23 ~ “ i ' s i {d
NoiISse CNERET T - | A\
IS e frg o H
‘:__.'llu J"
Jo2e Liiiil R s ~ 4
10! 10° 10°

Frequency [Hz] 09



VI.
Selected technologies

* mirrors
» thermal compensation
* diffused light mitigation
e control



The arm cavity mirrors

= |
e arm cavity where the optical losses are the most critical

» optical cavity round trip loss <0.01%
» give tight constraints on the mirror quality surface:

Low frequency error ~ High frequency error
(f <50 m7)

Radius error

Mirror surface
height as color
scale

'
0

bad contrast bad contrast light lost
(could be corrected) distorted beam /1



The arm cavity mirrors

e —————————————————————————
e arm cavity where the optical losses are the most critical
» optical cavity round trip loss <0.01%
e give tight constraints on the mirror quality surface:

Very stringent requirement on
the polishing and coating

/2



The mirrors for the 3 km long cavities
__ |
* mirrors weighting 40 kg made of the purest fused silica
« state of the art polishing (flathess RMS ~ 0.3 nm)
» coated using lon Beam Sputerring (IBS) technology

20 cm

Polished substrate

Y axis [m]

Surface IM02
-0.06+ =3 . .
£, .
*3'r LA
.0.04 *“t.‘ ; : 3 "(.-';( r 3, I
M R, i £00
N ™
002 8, AN SS TR Bk, ey .
. | &"l \ o+ 3 - 5 s 1
i N Fad t..‘_ » > . "‘.‘.'
0- 5 iha o - -
et t ; e <
o3 e |
0.02- Y L . )
_ _""-",.. ; < ¥
A |
0.04+ e '-::"
* .~!":‘- o
., @ .
0.06/ !b‘,“
-

‘a
-006 -004 -002 0 0.02 0.04 0.06
X axis [m]

Mirror surface height

08

06

04

F 10.2

[ -0.2

-04

-06

-0.8

[wu] yb19H

/3



A story of power

|

Input
mode
cleaner

Power
recycling C——— Compensation
mirror plates
Beamsplitter Input
125W P
mirror
Signal
recycling
mirror Detection

system

Fabry-Perot cavity

End
mirror

kW of light in
" the substrate

__— Huge amount of
optical power

74




Effect of the optical absorption

i ——————————————————————————————————————————
* even if very good substrate / coating, still residual absorption ( < ppm)
* part of the laser beam will be absorbed
 and converted to heat

NCDAL SOLOTICN NCDAL SOLOTICN
B 5 BLOT MO, 1 i = FLOT Mo. 1
| 0 soaw |
.104E-05 _ .1D4E-05 .105E-05 .105E-05 . 106E-05 305.71 305.758 305.806 i 305.854 305.91
.104E-05 . 104F—-05 . 105E-05 . 105E-05 205.734 305.782 305.83 205.878
Gingin Test 1 Gingin Test 1

Coating absorption Substrate absorption 76



Effect of the optical absorption

L I

* even if very good substrate / coating, still residual absorption ( < ppm)
* part of the laser beam will be absorbed
 and converted to heat

MCORL SCLIOTICN - FLOT Mo, 1 ELOT MO
= _-——
5 .105E-05 N .105E-05 _ . 106E-05 305.71 305.758 305.806 » 305,854 305.91
E-05  .108] E-058  .105E-05 305.734 305.782 305.83 305.878
g, ngin Test 1

Coating absorption Substrate absorption 76



The thermal compensation system

1

Sensing the
thermal aberrations

77



The thermal compensation system

.
et L

® o Toward an aberration free

® Heating ring

. O Laser interferometer

Applying heat to induce or
correct a thermal gradient

/8



Thermal compensation system in photos
| ,

| CO, laser bench

Heating ring Steering mirror
for Hartman sensors

Installation on the site



The diffused light

e ————————————————

T ~3W Where my light is lost ?
100W of light
T ‘disappeared’!
Puissance absorbée|~ 2W/|
125wlﬂ—llskw\
Tl ~5W




Diffused light: an extra phase noise

Tower baffles

cryotrap

Mass

A complex problem
with different path
for the scattered
light.

Could add extra
phase noise if
recombined with the
main beam
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Dumping the diffused light

Light baffles around the mirrors and
in the vacuum tubes

All the critical optics are suspended
and under vacuum |
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Must keep everything under control!

)

* A complex machine with a lot of subsystems...

e ... all interconnected

* needs to developed home made systems (hardware and software) for real
time co e.

1!

(-]

L)
& ale

i

® o

: P
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Example: control of the suspension

Real-time control (optical fiber)

[]
PR _TANG,Q,_\
| "[" | | <anaLog -
L
<—ANALOG .
2] 0
- | I 2 DAQ
F3 . (1] m &
b o — Tango O <Slowcontr
> L o Interferometer
g ﬁ Control
F7 <ANAILOG - = =
Mar. . |
- GUI Clients
—
e g ]
Low level High level
devices devices
A ______¢ . J/
SUSPENSION SSQ';‘FIC',TE SUPERVISORY CONTROL
| x10 suspensions =
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Ex

ample: control of the suspension

)

E—3{233A 3 J

A

SUSPENSION

Real-time control (optical fiber)

REF CLK

w. ANALO
_— L DEV _
‘l#-- 3 x Dual C::;lr:sl:ﬂhlt DAC

Cydan%l’

[ EPACGXTSCF23CTN

TMS320C6678

High-Performance
Multicore DSP

g TEXAs
INSTRUMENTS

REAL-TIME
CONTROLS

J x10 suspensions | -

s

6 x 24bit AMSPS ADC |
ADS167S

Ragidlo

4 x 5Gb links

IRIG-B
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Example: the arm cavities

i ——————————

Not always obvious to have a proper error signal

1

laser

LI

I]m'u'mr

Optics
Analog signals
10 kHz samples

o

offline

=" -, ‘ P
photodiode *." *"..‘ =—op 1] Hz frames
4 . —— C'm commands
Y s L Human
detmnod ,'" “: coil .
S ' ] driver - ;
[ fast control [ Py .,
H ; A >
L] [ Hl "
' ; ! ' e
h! ! analog .’ . 1 =
----- ADC | = = = = e = e e e e e e = = = = = A = = = = = 4 G e o o |ouline |
-~ < Yiital ! hwman ! | rmoni
s -’ digita Lol
S —— - ‘ "’15 Ju "r
VME
sk TOLM .
»|Acl p—»|Acl |- »|DSP |-
TOLM Y
A 1 A —‘ A ] TOLM  [fame | ETH [py | ETH [py
: . ¥ e ¥ sborage
Boukleder ALP ALP HROTage
O _
f: .-.lnt'.' ol l'(Jl "!
Ethernet
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VIL.
The next upgrades

(with a Virgo focus)



Timeline

KAGRA |

) 1 /:
Updated - O1 02 =mO3 <4 =mO4 4. 05
16 March 2022 :
80 100 100-140 i 160-190
Mpoc  Mpc Mpe * Mpc 240 280 325 Mpc
LIGO i N . 11
30 40-50 | 80-115 150-260
] Mpc Mpc i Mpc Mpc
Virgo N . R
0.7 | (1-3) ~ 10 25-128
Mpc . Mpc Mpc

4

G2002127-v11

2015 2Me 2017 28 2019 2020 2021 2022 2023 2024 2025 2026 22027 2028

—
More and more sensitive instruments

The '+ upgrades’
(Advanced Virgo+,
Advanced LIGO+)
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Advanced Virgo+

E—M

@) Quantum noise

BN - Phase | before O4
| @cmiygagen .
o T Qoo [t O 25-40W input power
AR § e = = = @) Coating thermo-optics noise . . .
AN\ \ | Qossmesommnee | g © signal recycling mirror
N\ Excess gas S . . .
\ (T ©Tominose S Y ® Newtonian noise cancellation
R © frequency depend squeezing

preparatory work for phase |l

Sensitivity [1/{HZ]

Frequency [Hz]

Advanced Virgo noise budget -



Advanced Virgo+

E—M

0 T T o ~ Phase | before O4
| T8 S et O 25-40W input power
b §§;tétg‘“g"’w"‘ © signal recycling mirror
) — @ roainose ® Newtonian noise cancellation
] O frequency depend squeezing
% 107 i i preparatory work for phase 1
10-24:"3 ........................ ’ Phase ” before O5
N ~ ® 60-80W input power
1 Frequency [Hz © lower optical loss

O larger mirror with better coating

Advanced Virgo noise budget




Advanced Virgo+

—

5
b2
=

Strain noise [1/+v/Hz
=
[

~ Virgo

m 02: 30 Mpc
| O3: 50 Mpc
e 0O4: 90-120 Mpc
M 0O5: 150-260 Mpc

.# e

| W |

Frequency [Hz]
Advanced Virgo noise budget

(similar improvement for LIGO)

0 100 1000

- Phase | before O4

O 25-40W input power
© signal recycling mirror

® Newtonian noise cancellation
© frequency depend squeezing
preparatory work for phase Il

> Phase | before O5
© 60-80W input power

© lower optical loss
O larger mirror with better coating




Phase I: installation highlights
| ,
Newtonian noise subtraction

New IMC mirror
with
instrumented
baffle

Laser

Input
Mode
Cleaner

Faraday

Seismometers array for

WE

Isolator \ BS |
| g |
PRM POP
4-F---1]
i Filtering cavity
SRM] |
| ]
- VA
Output squeezed
Mode Cleaner light source
Photodiode

92



Phgse |: installation highlights

Auxiliary green lasers

for lock acquisition > we
with signal recycling
Input
Maode
Cleaner
Wi
—— cp

Faraday CP NI NE

100Wk_ Isolator \ BS [ ‘ | \
j B — - N H
Laser | lj l

PRM POP
#-[F---1]

Filtering cavity

Suspended
signal recycling
mirror

Qutput [§7 I Squeezed
Mode Cleaner M light source

Photodiode
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Phase I: installation highlights
T

WE
Input
Mode
Cleaner
Wi
——1 CP

Faraday CP NI NE

. Isolator "_I_ﬂ BS ”
New in vacuum suspended New 300m long . \ 4 I

optical ber‘mhes optical cavity e » 4 TF---]

Filtering cavity

Output

Squeezed
Mode Cleaner light source

Photodiode (&l




i E‘EE
yi ::ﬁﬁ

Iy

i
i
il

ty

ing cavi

The filter




The AdV+ phase Il (installation after 04)

* 2 actions to reduce coating thermal noise
> larger end mirrors (+60%)
> new coating material

WE

Faraday CP N'
Isolator 1\
Laser U
PRM POP

* upgraded laser (more power) T
* lower detection and squeezing loss |

e improved thermal compensation S

* instrumented baffles vode Cieaner | Jﬁ;‘ﬁfisiﬁce

Photodiode
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And after 05 ?

)

* Virgo nEXT: the ultimate upgrade
> doubling the sensitivity

> more laser power, less optical losses, better mirrors, more squeezing
> closing the gap with the next generation

Phase Il

05

VnEXT

2026

2027

2028

2029

| 2023 | 2024 2025
AdV+

Installation
Commissioning

Start of installation

(similar plan/timeline for LIGO)
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VIII.
The next generation



The Virgo successor: the Einstein Telescope
e ———————————————————————————

Goal: to be 10 times more sensitive, new infrastructure

— Advanced Virgo

== Advanced Virgo+
Einstein Telescope

[

<
3
"

[

<
o=
S8}

—_
=
]
=

Amplitude spectral de bruit h [1/v/H 2]

[

<
R
U1

10° 10°
Frequence [Hz|

—
O.-—m
.
o
e
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The Virgo successor: the Einstein Telescope
i ——————————— |
Goal: to be 10 times more sensitive

—— Advanced Virgo
= Advanced Virgo+
~ Einstein Telescope

—_

S
]
o]

—_

S
]
(S5}

—

<
&}
=

Underground facility

Amplitude spectral de bruit h [1/v/H 2]

Longer suspenS|on

Lower coating thermal noise
Reduced light quantum noise
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The challenge of increasing the bandwidth

et L

» conflicting requirement at low and high frequencies
~ high optical power required at high frequency to lower the shot
noise
>~ but high power also degrades the low frequency due to radiation
pressure noise

* the sensitivity could be achieved by 2 interferometers
dedicated to low frequency (ET-LF) and high frequency (ET-HF)

101



Thg xylophone strategy

ET-LF
e cryogenic mirrors (T=10-20K)
* A =1550 nm (?)
* low power (20 kW)
* crystalline substrates

—

S
[
[

Strain [1/+/ H 2]
)
53

1074

10° 10" 10° 10°
Frequency [Hz]
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Thg xylophone strategy

i

ET - HF
* room temperature
* A=1064 nm
* high power (3MW)
* fused silica substrates

10'ADI i i
10° 10! 102

Frequency [Hz]

10°
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1 detector = 2 interferometers

= |
The 2 interferometers will N
share the same tunnel
:%__" (==== 1064 nm beam ET - HF
;N === |550 nm beam ET - LF

Michelson with 60°
arm cavities

[] fused silica optics
[] silicon optics

[0 km 104



Not one but 3 detectors
e ———————————————————————————————————

3 detectors arranged in triangle in
the same infrastructure

Yy

I-----------A

‘-----------
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The key parameters

DeS|gn Report
- Update 2020

(o] the Einstein Telescope

ET Steering Committee Editorial Team
released September 2020

https: //apps et gw eu/tds/ql/?c=15418

Parameter ET-HF ET-LF

Arm length 10km [0km

Input power (after IMC) S00W 3W

Arm power 3MW |8 kW
Temperature 290K 10-20K

Mirror material - “fused silica " NS Csilicon
Mirror diameter / thickness  62cm/ 30cm | 45cm/ 57 ¢cm )
Mirror masses - ~200 kg / \\_71 I kg ///
Laser wavelength 1064 nm 1550 nm
SR-phase (rad) tuned (0.0) detuned (0.6)

SR transmittance 10 % 20 %

Quantum noise suppression  freq. dep. squeez. freq. dep. squeez.
Filter cavities %300 m 2x1.0km
Squeezing level 10dB (effective)  10dB (effective)
Beam shape TEMqo TEMqg

Beam radius 12.0cm 9cm

Scatter loss per surface 37 ppm 37 ppm

Seismic isolation SA, 8 m tall mod SA, 17 m tall
Seismic (for f > 1 Hz) 5-10710m/ f2 5- 1019 my 2
Gravity gradient subtraction none factor of a few



https://apps.et-gw.eu/tds/ql/?c=15418

The American cousin: Cosmic Explorer
e ———————————————————————————

40 km and 20 km L-shaped surface observatories
10x sensitivity of today’s observatories (Advanced LIGO+)
Global network together with Einstein Telescope




