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Topics

* detection and observation of gravitational
waves,

e test of the Lense-Thirring effect,

* test of the Weak Equivalence Principle.
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configuration

* detection and observation of gravitational
waves:

Phase meter, accelerometer

* test of the Lense-Thirring effect:
Gyroscope

* test of the Weak Equivalence Principle:
Differential Accelerometer






Strain in Space Curvature
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Abs. length variation 0l increases with distance!
Free test bodies will change their relative distance
Transversal waves
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Gravitational Wave Sources

* Ground-based detectors observe in the audio band
* Space detectors observe low frequencies

SPACE |2tk
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The Third Generation

The Einstein Gravitational Telescope
E.T.
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o C nderground location

— Reduce seismic noise

— Reduce gravity gradient-noise

— Low frequency suspensions

e Cryogenic
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Can atomic sensors contribute ?
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Combining microscopic and
macroscopic test masses
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test-mass
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Signal at the output ports
S ~cos[(ds-d,)-(d,-b;)] AP =2k ;hL sin(wgy T)



Coherent Atomic Beam Splitter
Position Sensitivity

Mirror: Laboratory System periodicity

n-A=2dcosv

Fringe position
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Replacement of drag-free sensor
at lowest Fourier frequencies
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Performance

Noise limited sensitivity
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GW-Sensors
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Gravitational waves LIPA Drag Free Sénsor Femto-g
|
Low temperature /EP test STEEP acceleromelier
Fundamental
Tech. Satellitefor DARWINLISA _ SMART-2 hysids

Gravitational Sensor / EP test

[CROSS

COPE
Nano-g

Earth gradiometry
mission

Sat to Sat Tracking
for geodesy

mini satellite mission

micro gravity and
vibration survey T

1E-15 1E-I3 1E-11 1E-9 1E-07 1E-05 [1E<03 0.1 10 1E3

ONERA (2003)

With cold atoms ?

Need for Femto-g



Interferometer |
= Interferometer 2
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k Increasing sensitivity

. : - large area
Minimising phase noise 5

Holger Miiller (Berkeley):

- Increasing number of atoms :
Large area atom mterferometry

- Beating the shot noise
- Environmental control — Space

- Ultrastable lasers (frequency, intensity)

Raman Laser



Interferometer |
= Interferometer 2
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Phase of thelRaman lasers in rad

k Increasing sensitivity

- large area
Minimising phase noise
- low frequency signal
- Increasing number of atoms
long interaction times
- Beating the shot noise
— |arge atomic mass
- Environmental control — Space
— Space
- Ultrastable lasers (frequency, intensity)
- ultra cold atoms

Systematics - Coherence

Raman Laser
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Quantum Matter
in Microgravity
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* Prototype experiments
* 10m fountain or drop
* Atom drop tower 3
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4l Recent results Evolution of the wave

function
Time-of-flight: 50, 100, 500 and 1000 ms
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m Recent results Evolution of the wave

function
Time-of-flight: 50 100, 500 and 1000 ms
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Back-of-enevelope estimates

for atomic phase meter
AD =2k ;hL sin(wgy, T)

S/N limited resolution: 1 to 102 mrad/VHz
Newtonian Noise

Scale factor for displacements: 1.6 10°

Photon recoil, Multiplication factor: 10-100
to be combined with high S/N

Displacement sensitivity: 10°-101 m

Length, Multiplication Factor: 100-1000 m

T= 1-10s _ L
Strain sensitivity 1013-1016
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detection and observation of
gravitational waves on ground

Suspension ,,free“ gravitational wave detector
Sensitivity identical to light interferometer:
,Phase meter”

Newtonian Noise is fundamental barrier

Combining sensors at different Fourier
frequencies (light and matter interferometer)

You need a pair of detectors for signal correlation



02 detection and observation of
09!
[ gravitational waves on ground

Many ,Firsts“ to be demonstrated

* High-frequency source for ultracold (BEC) atoms (10Hz
rate)

* Combining high-recoil beam splitters with high phase
resolution

* Sub-mrad resolution per shot
* Novel microwave sources & ultra stable lasers
e Control of systematic errors
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detection and observation of
gravitational waves in space
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* Control of drag-free sensor at lowest Fourier
frequencies

* Replacement of the drag-free sensor for
measurements at lowest Fourier frequencies.
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Accelerational Sensitivity with 10 8 gts:

Microgravity 1012 g/\/Hz @ Expansion Time 3 s

Rotational Sensitivity with 10 8 gts:

Microgravity: 8-1 012 rad/VHz @ Expansion Time 3 s

Towards the |
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{q Benefits of p-gravity environment

Extended Time of Evolution

Inertial Quantum Sensors

Rotational Phase shift
2m,, = A Q
_ Atom ] 2
Ap, = — A-QoT d/'

Accellerational Phase shift c =3

A('Oazcc = Tzl_é ’ Zi :'Z E \i?

A Sagnac Interferometer
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Extended Time of Evolution T ;
Increase in sensitivity -
Rotational Phase shift . 0~35—: .
A(prot = mﬂ;{ I é oc T? o — .:
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Accellerational Phase shift

A, =T*k}d.

: Transporta 1t
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CASI

Detection:

CASI: Cold Atom Sagnac Interferometer - internal state sele

- detection of both
output ports

State preparation:
- opt. pumping

Source of cold atoms - extendable: p-wave

- Rubidium-87

- 3D-MOT loaded by 2D-MOT
- loading rate = 5-10° atoms/s
-T=~8uK

Source 2:

- copy of source 1

- counterprop. ensemble for
diff. interferometry

Interferometer: I l

- atomic flux: 2.2-107atoms/s

- Raman-beam-splitter: (F=1 < F=2 in *'Rb)

- enclosed area A = 0.2 cm?

i Movinir‘olasseS' - ultra-stable p-wave oscillator as reference
vertical® 0-1m/s - high stability

Atomic flux ~10"° At/s horizontal 2.5-5m/s
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Coherent beam splitting

Rabi oscillation measured after velocity

selective preparation pulse

Measured transition

-. probability P as function
| of the pulse duration.

| = P-~50%

| Reduction of P due to
1 background of atoms in

L IF=1,2,m: 20>

| Atoms in the two
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Raman pulse duration [us]

o winterferometer states after

preparation: ~ 55%
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'Coherent beam splitting
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Velocity selection

Raman spectroscopy after velocity selection
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Rb Clock :
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Rotation sensor
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- Interferometer sequence pulsed in time (one laser beam)
- -pulse duration 10us
- Time T between two pulses 0,5ms

108 rad/sVHz
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Rotation sensing
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, , Resolution:
The Earth’s rotation:
Q. =7,2:10° rad/s 108 -107rad in
24 h

: Geographic North Pole

True Rotation Axis

Qp  Effects:

104

105 - seismology
10

107 _ Tidal forces

10® - Variation of the
10°  Earth’s rotation

1010 . Relativistic Effects

Rotation sensing



Perspectives

Quantum sensors

 New atom interferometric
techniques are emerging

e Fundamental limits ?

GWD:
* Bringing free fall to earth

e Atom-light interferometer is the
most realistic scenario

Joint Actions needed
in order to proceed further
for

GAQS

Gravitational Wave Atomic Quantum
Sensor







