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What are Gravitational waves ?

* Solution from General Relativity derived by A. Einstein in 1916, first experiments in the 60s

* Gravitation is a curvature of the space-time metric

* Any massive object will introduce a deformation of the metric

* Gravitational waves are a perturbation of space-time propagating at the speed of light
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Advanced generation detectors

Michelson interferometer
Goal : (L-L)/L = 10723
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Current situation
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Many Binary Black Holes, a few Binary Neutron Stars
and 1 or 2 Neutron star-Black Hole Binary



CALVA : CAvités pour le
Lock de Virgo Avancé

you are
here

situation en 2014 : http://www.visites-virtuelles.universite-paris-saclay.fr/?s=pan021744&h=23&v=0&f=90




CALVA : CAvités pour le Lock de Virgo Avancé

The initial goal was to build a prototype to test a new technique for
locking GW interferometers

using suspended optical coupled cavities (ie 2 cavities with 3
mirrors)

similar Power/Mirror mass than real GW interferometer

use at maximum similar electronics and software from Virgo to
ease integration

different wavelengths to control the cavities




Some history

Start to work on the project in 2009-2010
Lot of problems during installation : asbestos,

ground, vacuum tanks, ...

Have the possibility to control mirror
positions in angles and length

Perform control on the small cavity in 2010
Control of the 50m long cavity was more
problematic due to limit of our system, take

time to solve them

So far : 3 thesis used the facility and 16
internships (L3 to M2) + 8 L2 students from

Physics department




Calva : Cavity for the Lock of Advanced
Virgo Lock on 1064 nm laser
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Calva : Cavity for the Lock of Advanced Virgo
Lock on 1064 nm laser

; ; | We've investigated the locking problem by looking
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Improvements on the current detectors
between O3 and 04
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From 60W to 120W squeezed states of light
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Laboratoire Kastler Brossel
Exsq u e eZ R E xSqueez =3 \ Lths'quvquarmque et applications

We were able to find an easier solution for Virgo and then we seeked other s
possibilities for CALVA iP2i.

Idea is to use our facility to test squeezing techniques to improve the GW < LAPP
interferometer sensitivity, prepare O5 run (22024) with source under vacuum

Need one long cavity and optics under vacuum

Reuse our infrastructure to work on this




Beat the standard quantum limit using squeezed light
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Beat the standard quantum limit using squeezed light

[ ]

Quantum noise is due to vacuum
fluctuations entering the dark port
of the interferometer.

—

—J

Quantum vacuum fluctuations



‘ Laser quantum description ‘

Boson creation and annihilation operators: &' = ool T — L8 e O 4 LB
2h mw 2h mw

~

Construct observable operators (amplitude and phase quadrature): \1 — g al X, =i(al — a)

Thus they are complementary observables and can’t be measured

Also:  [X+. Xo] # ( P O : ;
[‘\ 1, A2] % 0 both with infinite precision at the same time -> gquantum noise

E
Consider classical electric field: U = W, e'?

Also written as: ¥ = \Il[)((:()s((,f))irl + isin(¢)Xs2)

Re(¥)

For coherent light the best case regarding the Heisenberg

uncertainty principle is: _\\1 = _\.\’3 —3 |



|Squeezed light |

Photons are not perfect: Phase squeezing  Amplitude squeezing

Uncertainty in phase (A¢) AA | > AA  or AA
and amplitude (AA) ‘ I squeezing - I
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‘Squeezed light in theory ‘

In Dirac notation coherent states are noted as ) where a is the coherent amplitude of the state.

They are generated from vacuum states |0) using the unitary displacement operator D(q):

l(l‘> = D((l’) |()> where D((‘}‘) — 6?.1’[)(('!‘(.61'Jr — ('l:*(AIv) and ais a complex number.

: ! . 2160
Whereas squeezed state are noted as: ’(.l’-, 6> € being the squeezing parameter: € = re”’

. A« Locon ko
|, €) = D(a)S(€) |0)  where  S(¢) = exp (— [6*(1.“ — f(lT“]>
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ISqueezed light at CALVA: global scheme}
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ISqueezed light at CALVA: global scheme}
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‘Squeezed light in practice: step 1, producing squeezing‘

(2)
X

crystal

l red light

1 photon of green light (532 nm) produces 2
correlated photons of infrared light (1064

Electric displacement of the exuteom}ectrons due to incoming laser field: D= e()E +P

For low power the electric polarizationis: P = ¢y E A

x being a tensor

P XPE? + YO B3 4 ...



‘Squeezed light in practice: step 1, producing squeezing‘

green light - red light 1 photon of green light (532 nm) produces 2
. correlated photons of infrared light (1064

crystal

. .. N . . . — = —
Electric displacement of the exuteom}ectrons due to incoming laser field: D =¢,E + P
For low power the electric polarizationis: P = ¢,y E A ¥ being a tensor

L . . P @D F2 1 3 E3 4.
Considering 2" order interaction: X +X +

P} = 6()\(2)11‘31(:05(0“‘1’) T EQCOS(wQ,)JB
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produced by vacuum fluctuations



‘Squeezed ight in practice: step 2, controlling ellipse angle

Correlated
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‘Squeezed ight in practice: step 2, controlling ellipse angle
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‘Squeezed light in practice: step 3, squeezing detection

Filter cavity
i 50m

green |i;:i'll

_> x(z)

crystal

red light

The squeezed field has very low power (a few fW)
-> use of a homodyne detection scheme to
amplify low-power squeezed signal with a high

- power local oscillator (main laser)

Be®

Y 3 i~ 2ABcos(®) + B[6 X} cos(®) + 0X; sin(®)]
Main 1064nm laser )

Squeezed field amplified
by

By tuning the relative phase ® between LO and SQZ
we can choose the observed quadrature
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‘Squeezed light in practice: optical schemes ‘
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‘Laser preparatlon bench |

Mach-Zehnder for pump power control

Frequency doubler 200 mW at 532nm

(pump beam)

Main laser, 2W at 1064nm
- Beam to generate pump
- Local oscillator beam

- Seed beam

- Filter Cavity Verification beam

Frequency doubler 50mW at 532nm

Auxiliary laser, 500 mW at 1064nm

- Modified Coherent Locking beam
- Beam to generate FCC -> This bench is nearly 100% completed

(Filter Cavity Control beam)



OPO ‘In-vacuum bench ‘

~10°%-107 mbar
(~ 10* - 10" Pascal)

Faraday Isolator

Homodyne detection

ﬁ &= (high quantum efficiency photodiodes)

-> Everything is installed, commissioning ongoing

- Mode-matching of pump and MCL into the OPO => cavity resonances

- Tuning of homodyne detection



QN relative to coherent vacuum [dB]

Losses, a crucial point in squeezing

Mismatch = 15%, Mismatch = 10%, Mismatch = 5%,
Length noise = 10 pm, Length noise =5 pm, Length noise =1 pm,
RTL = 50ppm RTL =40ppm RTL = 30ppm

=+ Ideal system
=Filter cavity losses
|=FC Mode mismatch (worst case)
=Filter cavity length noise

Other losses
|==All mechanisms
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Frequency [Hz] — — Fre: uency% — Frequency [Hz] Squeezing We
e There areirreducibles frequency independent losses arising mainly from injection losses expect

and readout losses.

=3-6dB of FDS

e Filter cavity losses reduce the squeezing performance at low frequencies.
e The length noise of the cavity should be reduced as much as possible. performance
e The matching of the squeezed beam to the filter cavity is of crucial importance to reduce

squeezing losses at low frequencies.



Thermally Deformable Mirrors (TDM)
To improve the beam matching to a Fabry-Perot cavity we can use an
adaptive optics system => test on CALVA of TDM

started with Marie Kasprzack thesis (2014)

Incident aberrated wavefront Reflected corrected wavefront

AR coaling

Substrate with

| _Non-homogencous  Resistor array composed
termperature of 61 actuators
distribution

HR coaling Beam radius ~ 2.6 mm

Vacuum compatible
28

Resislor array



Thermally Deformable Mirrors (TDM)

Need 2 TDMs to completely correct beam aberrations

Waist Len ses Wedges

W TS R | lll

1 more TDM to generate a test defect O TDM3 TDM? TDM1
' @ l
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Scanning | | I i1
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@ Output a
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Beam analysis with a Fabry-Perot
CaVIty Fundamental

® HemiSpherical CaVity from ~3 8 1 e i'/M isalignement : i
mm to a few cm accordingto = Fo ] p—
Finesse ~ 90 Mismatch} -~
e Plan input mirror on piezo
(precision of 10 pm) 10 555: :
e Spectrum by scanning cavity B
length S il
= study of the beam content £ H S
e Minimizing misalignment to 5 R,
reduce order 1 and mismatch ~ 19°F" 1~ 7
to reduce order 2 : S i
|<16528 - 1653 >| 16532
2v
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Wavefront analysis of the beam on the TDM by positioning

the Phasics in the image plane of the TDM
Phasics in common with the ALEA team of the Accelerator division

Injection of a

Turning on 1 actuator with a rough calibration
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Strain Sensitivity [Hz'?]

Beyond Exsqueez: Quantum Filter e

RECHERCHE

Physique quantique et applications

\ \ Laboratoire Kastler Brossel
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. . L. Laserix
Vacuum : conception and realization

ESPCI [E] PARIS
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and many more !!



Conclusions
o Experimental platform dedicated to GW interferometer

o Tests new techniques - preparation of present project and future
generation

o Collaboration with LIGO-Kagra-Virgo groups

o Creation and exploitation possible thanks to large use of
engineering, infrastructure and administration teams

e Host large numbers of internships

e Itis possible to visit - please contact us |
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Calva : Cavity for the Lock of Advanced
Virgo

the expression:

- 2
nzero - pl + pZ'tzero + p3't zero

5 55 56 6
time (s) time (s)

Whereas the maximum speed should be: v, _,

I nelke Rnit{li%ﬁﬁl'e ﬂm zLaégfrthe derivative vs time with

With p, =57

On the 2 resonances we get v =20.11 um/s and 5.83 um/s

A.T..C

= 4.LP2
=18 um/s

(build-up time of the laser field in the cavity)

AFoax

AlSO:  Vemax = AT =7 um/s
TLA.B
VBmax = T

(Maximum acceptable speed due to maximum
applicable force of the actuators)

=6.7 um/s (Maximum acceptable speed due to
respond speed of the feedback loop)



|Quantum noise in GW detectors

] . . . )
Stokes reciprocity relations: |r|2+ [t|?=1 |r| =|r]
rt*+r*t=0 |t] = [t']
a. =rd
o =al la |2+ [og|2=(]r]*+ [t]*)]a |*= |a
3 1 (Energy is
qz conserved)
Now we apply the same treatment to quantum
rt fields: [ 4] h 23
A A A a,a ith j=1,2,
a rt o a, a,d,=>a,a, a, and i
1 3 [a,,3,7] ?
A _ A n A an A 1 A A A A
a,=ra, +td; and a,=td +ra oK [4,,8," = [t]*[4,4,"
A A 47 _ 2r2 A + 2[A A +1 — 2 2 A A A A
[a,,8,71=|r[*[a,a ]+ [t]*[a,a, = |r]*+ [t] 4,8, =rt* [4,,4"]

AN LY o A L % [A LY & k 2 k4’
[az'as J=rt [al’al J+rt [ao'ao J=rt*+r%t In the classical description we could ignore the
4th input port because no light was entering, in

the quantum field description this is wrong!



Quantum noise in GW detectors
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|Quantum noise in GW detectors
—

Instead of letting that noisy vacuum field
entering the 4th port of the ITF and messing up
the photons we replace it by the squeezed field.

A




‘Beat the standard quantum limit using squeezed light ‘

Photodiode
Coherent light k=4 k=2 k=7 k=3 o ¢
I N N I | (LT | 1 i .| il | -
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= . Sub-Poisson distribution “=
* |, Amplitude-squeezed . .
0.15} i state Higher probability to have = same photon
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o
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|A few words about vacuum squeezing |

Vacuum squeezing:

N a
The squeezed vacuum field has no coherent amplitude but its conerent |
mean photon number is # 0 N

-> this leads to a power of a few fW in the beam. It can be

| 2

vacuum

N,. = |a|?+ sinh(r)
. . . right squeezed field
interpreted as the required power to rearange the noisy vacuum _
v . . N _.=sinh(r)
field into a less noisier squeezed vacuum field. vacuum squeezed field
#0whenr#0
X X X X
A A 2
a
2 . g P
X1 X1 X]_
coherent state (displaced) € vacuum state g

squeezed vacum state




Squeezed
in phase

' P Depending on AD, the observer
AD= O - CDSCIZ will see anti-squeezing in
amplitude instead of squeezing in
phase

Quantum
noise |
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TEM,;

TEM,,

TEMy,

TEM,,

TEM,,

|Gaussian beam

TEM,,

TEM,,

TEM,,

Longueur de Rayleigh

onde plane

z=0
waist

z
Gouy phase (propagation): ¢, ™" = (m +n + 1) Arctan (Z—)
R

Modes d’ordres différents => Déphasages de propagation différents
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