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Using atom Interferometry ...
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Using atom Interferometry ...

=Interference fringes : Nar~cos(2maTZA+O)
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... o detect gravitational waves
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Gravity waves will distort space time

example of a linearly polarized GW
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Gravity waves will distort space time

example of a linearly polarized GW
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Gravity waves will distort space time

example of a linearly polarized GW

strain h (modulation amplitude) is very small on the earth ( = 10%9)

frequency €2 of the gravitational wave spans over a large range (mHz to kHz)

L/2[1+h.sin(£21)]
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L/2[1+h.sin(£21)]
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mass M (solar masses)

From Schultz, Class. Quantum Grav. 13 (1996) A219—-A238
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L/2[1+h.sin(£21)]

Laser interferometers can detect GW for £2 > few Hz.

10549, BH binary

¥10° M, BH burst

radius R (m)

10! 102 10° 10% 10° 10° 107

mass M (solar masses)

From Schultz, Class. Quantum Grav. 13 (1996) A219—-A238
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- 4 L/2[1+h.sin(21)] )b

Laser interferometers can detect GW for £2 > few Hz.

Laser readout of distance between 2
proof masses in free fall ( 2 mirrors ).

Mirrors must be «isolated» from ground
by high performance suspensions

2 arms (Michelson type) interferometer.
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- 4 Lh.sin(21) )b

Laser interferometers can detect GW for £2 > few Hz.

AdvLIGO tunings

-==+NO SRM | Laser readout of distance between 2

"= ~"ZERO DET, low P. proof masses in free fall ( 2 mirrors ).

—— ZERO DET, high P.
NSNS Opt.

===+ BHBH 20deg

Mirrors must be «isolated» from ground
by high performance suspensions
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2 arms (Michelson type) interferometer.

Strain [1/vHz]

N
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Low frequency sensitivity limited to few
Hz because of seismic noise.
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Correlated measurement by coupling atoms and cavity mirrors

Position =———— v~ L(1 4 hsin(wt))

o : > _
Acceleration = a ~ hlw? Slll(w»f)
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k.h.L.sin(2 1)

Correlated measurement by coupling atoms and cavity mirrors

Position =——————— v~ L(1 4 hsin(wt))

. - ) o
Acceleration = a ~ hlw? Sln(_u)z‘)

Ao = kaT? ~ khLw? sin(wt)T?
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A¢ = kaT? ~ khLw*sin(wt)T"

The sensitivity function is a natural tool to characterize the influence of the
noise of the environment on the the interferometric phase.
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Interferometer transfer function (acts as a filter)

= |ntroduce the transfer function H(w) = ‘W(,(W ]

10 10" 10° 10° 10 10
Fréquence f (Hz)

- Error induced by phase noise

e |
/ WG (w)[*S
J ()

- Can compute sensitivity function for all contributions
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One example of correlated measurement
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PA(®) = Py — Acos® || 55
SNR = A/op

9

Py =0.747,2A = 0.261 and SNR= 4.7

INSTITUT _*4 \ } UNIVERSITE DE

d'OPTIOUE BORDEAUX

WiN




o /Il e

Laser cavity read-out signal : ~ h.L.sin(€21)

Atom interferometer read-out signal : ~ k.h.L.£%.sin(21)
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How to readout GW signal

Laser locked to cavity and used for light pulse atom interferometry
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How to readout GW signal

Laser locked to cavity and used for light pulse atom interferometry

Atom interferometer
read-out

Laser feedback

.. cavity read-out
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Effect of gravitational wave : L.h.sin(1)

@ Laser cavity read-out signal : (k') ~ L.h.sin(21)

Atom interferometer read-out signal : ~0
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Effect of seismic noise : 0

@ Laser cavity read-out signal : (k') ~ A.sin(221)

Atom interferometer read-out signal : ~ A.sin(£21)
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MIGA-study: current state-of development
technology for compact sensors

.3 second interrogation time, L = 100 m, 4 recoil light
pulse splitter, atomic shot noise limited phase shift
sensitivity of 100 wrad

MIGA: shortterm enhanced design performances
.5 second interrogation time, L=1 km, 100 recoil.

MIGA-GW: ambitious design performance
3 second interrogation tfime, L=10 km, 1000 recoill, 1
wad atomic phase shift sensitivity
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.3 second interrogation time, L = 100 m, 4 recoil light
pulse splitter, atomic shot noise limited phase shift
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MIGA-study: current state-of development strain h (4B Y Hz
technology for compact sensors B
.3 second interrogation time, L = 100 m, 4 recoil light
pulse splitter, atomic shot noise limited phase shift
sensitivity of 100 wrad

MIGA-study

MIGA: shortterm enhanced design performances

.5 second interrogation time, L=1 km, 100 recoil.

MIGA-GW: ambitious design performance
3 second interrogation tfime, L=10 km, 1000 recoill, 1
wad atomic phase shift sensitivity

, < Frequency (Hz)
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MIGA-study: current state-of development strain h (4B Y Hz
technology for compact sensors B
.3 second interrogation time, L = 100 m, 4 recoil light
pulse splitter, atomic shot noise limited phase shift
sensitivity of 100 wrad

MIGA-study

MIGA: shortterm enhanced design performances
.5 second interrogation time, L=1 km, 100 recoil.

MIGA-GW: ambitious design performance
3 second interrogation tfime, L=10 km, 1000 recoil, 1

wrad atomic phase shift sensitivity

, < Frequency (Hz)

INSTITUT _‘4 \ ] UNIVERSITE DE 0
d'OPTIOUE BORDEAUX
1I1Y ' IN




unded instrument EQUIPEX 2011 : France
First “small” version : 400-600 m

Atom Interferometers

Extension
cavity (35 m Sam)

meron
9 (1.5 m dameter
chamber)
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15 institutes - 3 compagnies
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EQUIPEX Organization

3 Science centers in France involved in the instrument development

MOTV MOTF

14

_ Interferometres
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Multidisciplinary organization

Large network of users, from fundamental physics to geophysics

© Physics
Geophys.

Astrophys.
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MIGA-study: current state-=g
technology for compact sensorss
.3 second interrogation time, L = TOOW
pulse splitter, atomic shot noise limited Phase
sensifivity of 100 wrad

development strain b (4B/YHz)
4

MIGA: shortterm enhanced design performances
.5 second interrogation time, L=1 km, 100 recoil.

MIGA-GW: ambitious design performance
3 second aterrogation time, L=10 km, 1000 recoil, 1
wad atomic phase shift sensitivity
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Gravity wave detection with matter wave interferometers
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Gravity monitoring for underground survey
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ltmass @ 5 m
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Example of geophys. application

® Hydrology (thesis T. Jacob, geoscience Montpellier)

Precipitation Evapotranspiration
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Figure 7.2 : a) Absolute gravity variations at site CANA, BLAQ and SALV, corrected for regional

hydrology (see text for explanations). Survey periods S1 to S4 are indicated by vertical grey bars. b)

Daily and cumulative rainfall measured at BLAQ, c) Daily Durzon spring discharge (blue line) and

40
cumulative areal discharge (green line). distance (m)




Implementation of MIGA-EQUIPEX in the underground laboratory in Rustrel, France

MIGA sensitivity to gradients
MIGA sensitivity to strain

MIGA sensitivity to gravity

Atom number per interferometer

Atom temperature (rms velocity)
Cooling laser power per interferometer
Cavity finesse

Beam waist in cavity

Cavity |

Cavity laser freq

Vibration isolation frequency range
Vibration isolation level
Advanced MIGA sensitivity to strain

10-13 s-2at 2 Hz

10-' dB/\Hz at 2 Hz

10-1° g at 2 Hz

10° atom per atomic source
at 100 nK

100 nK (1 mm/s)

1 Watt

min. 100

min. 300 mm

50 Watts

PSD < 103 Hz?/Hz between
10 Hz and 100 kHz

> 1 Hz

< 10-2 at 1Hz and above.
10-'¢ dB/\Hz at 1 Hz
(improved detection)

10-2! dB/VHz at .1 Hz
(improved detection,
levitation methods)
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s One horizontal galleries with
300 m length

L
( q a(x) 3 a(x:) 3 u(\))

m Possibility of second
orthogonal and third vertical
gallery

= MIGA arms could be
«connected» via ultra-high
stability laser link
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