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14 September 2015

Strain (10~%%)
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Twee zwérte_gaten

' . - M ; $ .
Afstand tot-aarde: 1.4 miljardlichtjaar ¥ : § o

leder ~ 30 zonsmassa’s - Rotatiefrequentie ~100 Hz
Onderlinge afstand ~200 km. " . S (animatie ~500x vertraagd)
zwaartekrachtsveld werkt als lens:

. Baansnelheid ~40% van lichtsnelheid.
vervormt Jicht van de sterrenhemel Fusie tot nieuw zwart gat




Twee zwarte gaten: uitgezonden gravitatiegolf

» Frequentie ~ 200 Hz
* Duur ~ 0.25 sec
« Energie: 3 zonsmassa’s (E=mc?)

4 < Bereikt aarde na 1.4 miljard jaar
B e [\ dps . © Max. ruimte-rek 10" m/m
RO NS - Detectie = Nobelprijs 2017

Rainer Weiss - Kip Therne 'Barry Barish




Masses in the Stellar Graveyard

In Solar Masses

EM Neutron Stars

By end 2017




Present network of gravitational wave antennas

eo,%rf Germany

Vlrgo Cascma Italy

,..F'w‘
LIGO lem ston 4 km




recent status of the GW network

https://gracedb.ligo.org/superevents

Superevent ID S190915ak

Instruments HT,L1,V1

Event time 2019-09-16)01:57:02 CEST

False alarm rate 1 per 32.55 years

Distance 4.8 billion light years (1500 Mpc)

Sky localization 50% area: 153 deg®

1557361 Mpc

90% area: 528 deg?

Source classification BEBH _

Terrestrial | <1%
NSBH | 0%
MassGap | 0%
BNS | 0% 0 Mpc

Distance

36 “superevents” since April 1, 2019:

519091 5ak 2019-09-15 23:57:25 UTC 5190630ag 2019-06-3018:52:28 UTC
$190910h 2019-09-10 08:30:21 UTC 5$190602aq 2019-06-02 17:59:51 UTC
5190910d 2019-09-10 01:26:35 UTC 5190524q 2019-05-24 04:52:30 UTC
5190901ap 2019-09-01 23:31:24 UTC 5$190521r 2019-05-21 07:44:22 UTC
5190829u 2019-08-29 21:06:19 UTC 5190521g 2019-05-21 03:02:49 UTC
5190828l 2019-08-28 06:55:26 UTC 5190519bj 2019-05-1915:36:04 UTC
5$190828) 2019-08-28 06:34:21 UTC $190518bb 2019-05-18 19:19:39 UTC
5190822¢ 2019-08-22 01:30:23 UTC 5190517h 2019-05-17 05:51:23 UTC
5190816i 2019-08-16 13:05:12 UTC 5$190513bm 2019-05-13 20:54:48 UTC
5190814bv 2019-08-14 21:11:18 UTC 519051 2at 2019-05-12 18:07:42 UTC
5190808ae 2019-08-08 22:21:45 UTC 5$190510g 2019-05-1003:00:03 UTC
5190728q 2019-07-28 06:45:27 UTC 5190503bf 2019-05-03 18:54:26 UTC
5190727h 2019-07-27 06:03:51 UTC 5190426¢ 2019-04-26 15:22:15 UTC
$190720a 2019-07-20 00:08:53 UTC 5190425z 2019-04-25 08:18:26 UTC
5190718y 2019-07-18 14:35:34 UTC 5190421ar 2019-04-21 21:39:16 UTC
$190707¢q 2019-07-07 09:33:44 UTC 5190412m 2019-04-12 05:31:03 UTC
5190706ai 2019-07-06 22:26:57 UTC 5190408an 2019-04-08 18:18:27 UTC
5190707ah 2019-07-01 20:33:24 UTC 5190405ar 2019-04-05 16:01:56 UTC

2500

Gravitational Wave Detector

Networ
Operational Snapshot as of 20:01 UTC

Detector Status Duration

IGERG 102

8:10

GEO 600

. 12:25
Livingston

Future addition 7

Virgo
KAGRA




Present and future network of gravitational wave antennas

STeT Telescope
Europe;2034

LIGO Hanford, US

—

LIGO LR/i'ns"ton, us




Michelson interferometer meet ruimte-rek




Michelson interferometer used as “rekstrookje”

/mj’r\ror Virgo: L =3 km mirror 7
:,L.IL~ 2 ! ,:
~s Sso J— -

<) Sso

S

\ ~a ~~~ ~~~ L /
Sso s

AL h

|

Laser source,

power P, light sensor,
power P,
AL, — AL Felt
2 2
+ Gravitational strain  h =——F—— -
0.75 /
P d | /
* measured power  P.(t) = —11 + cos Qo + —(ph(t) °
2 dh 025
D
* phase shift per unit h dp _4nL ’ Jo h

dh 24

 Choice: ¢, = m - sensor in “dark fringe”.
* This reduces effect of laser intensity noise

* Injected power P; returns back towards laser "



Eindspiegel

Fabry-Pérot
resonator

Laser

Ingangsspiegel

Increase phase response: optical resonator

Bundel-

splitser : E L — nA/Z

U

Fotosensor

dh AT+ (TR
fo =c¢/2mLegsys

Leff — 4L/T

*input mirrors: transmissivity 7=/ — R =1.4%
*resonance condition : L = nA/2

eaverage # of photon round trips: 4/T = 280

- effective length L.rr =840 km

*response lower when Agrqp go1f < Legy

10“

10l()

No FP, L=3 km

F— FP, Leffz 850 km

100 f[HZ] 10°

Phase-response resonant arm cavity




increase beam power: Power recycling cavity

*Recycling mirror reflects power coming from the
interferometer back to the beam splitter

*Choose position such that you get a resonant cavity

Power
Recycling

Cavity Virgo: gain G = 37

Power PPR=GPL=5kW

recycling

' PRM P
mirror (FRM) Parm = —7 P = 650 kW

12



Effect of heat load on mirror : thermal lensing

coated HR

Thermal ‘ surface 2
deformation
AT [K] magnified . 1.8
LRV by 2. 10°
— 1.6
1.6 £
': 14
12 Q
2 1.2
0.8 ' i
1 ' beam mi
04 98 mm |
0.8 ! !
0 -200 -100 0 100 200 .
radial axis [mm] Mirror drum mode: 7810 Hz
* Arm cavities: optical power: 650 kW / \
. . . Bundel-
* Absorption in mirror center: 1 ppm = ~1W splitser
* Average AT-increase changes drum mode
*Thermal gradients cause: 650 kW
sSurface deformation L W)

Fotosensor

mRefractive index gradient in substrate
- Distortion of reflected and transmitted beams

—>Need for Thermal Compensation System
13




Thermal actuators

[ ] L ]
~
End mirror Ring heater . . .
Repair wave front distortions due to:
Input  thermal lensing
mode « manufacturing defects
cleaner : .
« adjust focal length
Input mirror Thermal .
- compensation
Phase . . plate

camera

[l

\
Laser ﬁ“ E BS
E—Eom 125W U “4.9kW/

<10 mW
Power
recycling ° » SRM
mirror |

Photodetector

Ring heater,

CO2 annularly shaped or scanning laser beam (A = 10 pm) copper shielded



Hartmann wave front sensor

SLED HR coatin
robe source 8 } IM
80 nm
N W RH @ o
\ ﬂ
\ =
< —~
BS Power } w
S recytcling
cavi
) ¢ > \ !
Pick-off PRM
cco I W * inject plane probe beam into
. lx,- — gy (5 subsystem
X;
| l .« project reflected beam to plate with pin
b— | holes
— |
Q « measure pin hole pattern shift on CCD
camera
Hartmannl 15

plate




Phase camera: scanning wave front sensor
measure amplitude and phase of carrier and all side bands

carrier intensity
a.u.

main ADC & digital >
laser demodulation

%hoé'o
Nik[hef

shifted carrier sideband intensity
— AOM Beam
80 MHz BS
Y scanning
FOM 100-200 mirror
Bk sideband phase  rad
3
2
mode sidebands 1
= matching i _ _
telescope | carrier Power recycling cavity |p= 0
, : 50 0 50
1. Pick-off beam of interest PRM  Pick-off © x[mm]
2. Send it to 2D scanning mirror interf t
3. Mix it with (shifted) laser beam Interrerometer

4. Send it to photo diode
5. Digitize and demodulate
6. Reconstruct amplitude and phase components



Advanced Virgo optical layout

inair ' in vacuum

<«

. angular
alignment port

Input mode
cleaner

.y

L~

l ’
detection and
alignment ports €7z




Virgo: central building Super attenuator

—— | ?—T—f‘— ] B - Tilter Zero

Power West
recycler Beam  input North

Sp litter | s in P ut — Pre-Isolator

sl 7335 rum
Standard
Filiers

& Filter
1 Seven




Virgo mirror (42 kg) suspension

Filter Zero

— Pre-Tzolator

| 1™\ Standard
i Filierz

. & Tilter
1 Seven

Diameter 35 cm
Thickness 20 cm BT\ rtarionc




Advanced

Nik|hef Virgo

Multi-stage 6-DOF

seismic attenuation system
for

alignment and read-out optics

GAS spring
Load 420 kg
Frequency 200 mHz

=9
Residual horizontal bench motion: < 10 fm/vHz gbov




4-Quadrant Diode

Contactless motion sensing applied
in alignment and vibration control

Shadow (flag) sensor, integrated in OSEM:
Optical Sensor & Electro-Magnetic actuator

Flexi-circuit Magnet

LED Photodetecton

L 3

<
4nmn : ’ )
' » [ Optical lever: tilt and translation sensor

Flaz
Magnet
Connector Photodetector Coil Actustor
LED
hsi =
[« @2
i pendulumpr, | ) "
interferometric s £ servo)
ervo
read-out of g “ amplifier
inertial sensor Im;rerted pendulum E
(accelerometer) | -
to PZT| or Voice cail




Detector noise budget

Amplitude spectral density of projected noise sources

1,0,—21 :

Advanced Virgo,125W on beam splitter

Equivalent
gravitational
strain
noise

[1/VHZz]
10—22 .

10-23}

m— cluantum
o | —— mirror Brownian
—— suspension Brownian
-== seismic
Newtonian

o
.
©
.
<,
S,
(§})
o3
o
2
%

—24
10 100

10 102 10° 10
Frequency [Hz]



How to shift the walls....

at high frequencies:
*increase laser power

at mid frequencies:
» decrease temperature
» decrease dissipation

at low frequencies:
*increase mirror mass
» decrease laser power

* subtract Newtonian noise

* go underground
*go to space

at all frequencies:
*increase arm length
*inject squeezed light

Detector noise budget

-21

10—22 _

[
9

Eq. strain noise [1/VHZ]

24

quantum
mirror Brownian
suspension Brownian
seismic
Newtonian

10~

101

100

102 10° 104

Frequency [Hz]

Amplitude spectral density of projected noise sources

Advanced Virgo,125W on beam splitter

23



play with Heisenbergq...inject squeezed light

amplitude and phase of light wave cannot be both “certain”

E(t) = (A+A A)el@t+2e)

amplitude o giation pressure noise
noise y A 4

PO

reduce one at the

cost of the other

phase :
noisee detector shot noise

' ™
(simplified) squeezer layout
Interferometer
Diagnostic
Squeezing Homodyne
Laser e
Phaselock Faraday

Isolator

oMmC

Auxiliary (} oPo
Laser ;
Readout

Phaselock




strain sensitivity [1/vHz)

102,

10 ‘dependent

Squeezing filter cavity

phase squeezing

'frequency- ]
No squeezing
. rotation of
| squeezing

ellipse

a3

",
'-'_'-
"
=",
'-'_'-

2 4
A

antnfent Jateaty Jaten
oo Fk {.'- i "E".":"::- 'E"E":
S e : oY :
LA T LA T T AL - AL AN

P o L pd i P o ek ]

waten e LR, Fanfenfenfyada s wafafad s’ Oy St fantiaty
e e e e e Pl Pl e, e, B

B iy L LAY Ay ety TNy faatady
e e e g S e v S e Serer e

- L T aatat fatiad, POy P
Arwrene e e e

et it/ Tantnt et

- e e ey

* . bas: s 70 % Yo

-
L=
o |
3% ]
o
[#]

Frequency [Hz]

Interferometer

Filter cavity
v
L Detection

P

amplitude

25



Length 10 km

Depth 100-200m
Cooled mirrors

Funding > 2021
Site selection (Sardinia or Limburg) > 2022




10 x more sensitive

10 x times deeper sight

1000 x larger sensing “volume”

1000 x more events

from 1.4 billion light year( 2015) = 14 billion light year

—> Listening to the heart beat of the big bang!



Maastricht 3G Prototype, alias ETpathfinder

Main aim: testing key technologies for ET at scale

~
| Q
J 5 / 7(7 o
550 /2000 NM _, — v g

_____VJ?%

100+ man years
14 partners: institutes/universities in NL, BE, DE
budget: 14.5 M€, funded by EU, gov’s, provinces, partners

28



E Tpathfinder phase 1

« 2 small mirrors in each cryostat
2 independent 10 m interferometers

* one @120K, one @10K

e
)

-
1)

120K ifo

10K ifo

\

Challenges include :

* vibration-free cooling (sorption cooling?)
Reduce vibration transfer via cold finger
mirror cooling via silicon suspension wires

Keep UHV without heat leaking in
. 29



Build your own detector M ic h e I SON

and measure sub-

e crer . Interferometer
vibrations....
Construction Kit

luxury version

¢ 81

N iEE] ef Particle TOYS Contact: www.nikhef.nl, E.Hennes@nikhef.nl




Dank U well!
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