atom interferometry

exploiting the superposition principle
foundations and applications

| ecture on
Atomic Quantum Sensors

State of the art and perspectives



What is an inertial sensor?

'Best-possible experimental realisation
of the free tall’

Purely gravitational coupling

Non-magnetic and neutral,
Nno geometry dependence,
Nno ionisation, Nno aging
(patch effects)






Atomic Sensors

-a future technique for
geodesy



Outline: Atomic Quantum Sensor

What does it measure ?

How does it work ?

Why Quantum 7

Typical features

Quantum Gravimeters (and Gyroscopes)
Fundamental physics with matter waves

Perspectives

Atomic Quantum Sensors



What does it measure ?



hs

1 1

"The double increment of the
position at different times of an
object with respect to a reference
point (O) of the laboratory system®

S = (hs-h2)-(hz-h1)

= [h(t+2T) - h(t+T)] - [h(t+T) - h(t)]

What does it measure ?



Using atoms as objects ...

Laboratory

What does it measure ?



How does it work ?



"The double difference
IS measured with
an (matter wave) interferometer "



—xample for a Mach-Zehnder type
interferometer with light

S: Signal at detector 1 I
| Source intensity

L: path length

A: wavelength of light

How does It work



Mach-Zehnder type interferometer with light
using a falling corner cube

Lp(t) = Lp, + 2h(t) Falling corner cube

S: Signal at detector 1 h(t)
| Source intensity

L. path length

A\: wavelength of light

How does it work



How does an
Interferometer work for
matter?



"Matter has wave features”



"‘Matter has wave features’

Planck constant

g

Momentum =————pp

Louis Victor de Broglie

de Broglie wavelength Nobel prize 1929

classical world quantum world

Momentum of the particle

e

N\N\ND>

Matter waves



Matter wave optics at work:

Electron microscopy

Neutron tomography

Crystal structure analysis

Matter wave optics



Bragg scattering

Coherent beam splitting



How to "split" matter/atoms ?



How to "split" matter/atoms

With light |

Coherent beam splitting



Bragg scattering crystals of "light” vs. real crystals

interference pattern of light  versus crystal planes

2T

Momentum transfer Ap = — = kerr Effective photon recoil

d. grating constant / periodicity

Coherent beam splitting



Bragg scattering for "light" crystals

Light beam 1 Lens Image of
standing light wave
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Light beam 2

Coherent beam splitting



Theory about image formation

e

Ernst Abbe

Fourier optics



Light microscopy

Ernst Abbe

Fourier optics



Interferometric Phase Read out

Light beam 1

~
a

Light beam 2

a

~

S ei[(cpg— p2)- (p2—¢1)]

Matter wave interferometry



» Time
ei[(w(QT)—w(T))—( p(T)-¢(0))] _ Ji[A2T)- A(T)] keyy

Double increment of change in position during 2T

A¢:Eeff°§*T2

Accelerational Phase shift



» Time
ei[(w(QT)—w(T))—( p(T)-¢(0))] _ Ji[A2T)- A(T)] keyy

Double increment of change in position during 2T

Accelerational Phase shift



)

New generation of experiments: J.F. Clauser in the 80s

Analogies



Modern COWG-type Experiments

Bragg scattering of neutron waves
at silicon crystals

|

Bragg scattering of atom waves
at crystals made out of light

Analogies



Measuring inertial forces

A, =

Ql

Sagnac Interferometer



0Q
(AQ)” = (Ap)" (— 0

Increasing sensitivity

Minimising phase noise . . .
P - Long Interaction times

- Increasing number of atoms _
— large atomic mass

Beating the shot noise
Environmental control — space / fountains

— Space / Underground laboratory - Ultra cold atoms

Ultrastable lasers (frequency, intensity) _ Coherence

- Large momentum transfer



"The double difference of the height Is
measured during free fall with an
atom-light interferometer”

"Atomic waves are coherently split,
redirected and combined with the
atom-light interaction: 2-photon
process”






Why calling it a "Quantum Sensor™?

Superposition Wave-particle
Principle dualism

Atom moves up

+

Atom moves down

Why "Quantum’



Atom Interferometer

Light beam 1

~”
D N

Light beam 2

a

Why "Quantum’



Quantenslalom

Strahlteiler Spiegel Strahlteiler

Courtesy by H. Rauch, TU Wien

Why "Quantum’



Matter waves - a macroscopic phenomenon ?

Tetraphenylporphyrin: C,,H35N, (m=614amu)
Fluorofullerene:CgyF,5(m=1632 amu)

Why "Quantum’



Why quantum ?

Each atom is moving up and down
at the same time

Wave vs. particle nature



Typical features



The mechanical effect of light

Photon recoll velocity Rubidium 87

Typical features



Rubidium



Typical features

Rubidium isotope 87 - 1 000 000 atoms
Typical wavelength: 780 nm

Splitting velocity:
scales with twice the photon recoil ~ 1cm/s

Sensitivity for accelerations

A@ — Eeff . Q% T2 — 1.0 % 107(LkT2



Mean velocity at room temperature several 100 m/s

Width of the Bragg resonance is very narrow

Slowing down the atoms by laser cooling



bo =Fkupsp axT? =1.6%107a,T>

Noise

Typical teatures



Temperature versus atomic speed

Temperature

4000°C - 1 Mio. °C
100 °C
-196 °C

-260 °C @~

100 millionth Kelvin @~

1 millionth Kelvin @

10 billionth Kelvin - -

sun surface

boiling water
liquid nitrogen

Supraconduction

‘Doppler’ Temperature

recoll’ Temperature

‘Bose-Einstein Condensation’

T=0Kelvin = -273°C

’

’

Speed

5000 - 100.000 m/s

700 m/s
240 m/s

90 m/s

30 cm/s

3 cm/s

3 mm/s

Atomic cooling



Temperaturen versus Wellenlange

T [°K]

'y

10000 +
1000 +

Sonnenoberflache

kochendes Wasser
flussiger Stickstoff

Superfluiditét,
Supraleitung

'‘Doppler'-Kihlung

'Subrecoil’-Kihlung

Bose-Einstein Kondensation

A de Brpglie
+ 0.01 nm

+ 0.1 nm

<+ 1nm

+  0.01 pm
+ 0.1pum
-+ 1 um

-+ 10 um




Today atom interferometer work with laser cooled
ensembles

Lower temperatures (sub recoil) are desired

Sensitivity scales

 with the square of the free fall duration
 linearly with the splitting

Instrument Noise 1-10 mrad



The Quantum Gravimeter



Seqguence for an atom interferometer

Laser cooling

Select the non-magnetic Laboratory / Mirror

Prepare atoms S
Zeeman state
Launch or drop atoms
Perform Raman or Bragg type 01-7?s
Interferometry Process -
e o Fluorescence / absorption 0.01 s

Detection

Check systematics Change parameters

The Quantum Gravimeter



Read out

The Quantum Gravimeter



Temporal atom interferometer

Laboratory / Mirror

->

temporal sequence of laser pulses
in direction of free tall

The Quantum Gravimeter



First atomic gravimeter
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A. Peters, S. Chu Stanford University

The Quantum Gravimeter



Absolute gravimetry with cold atoms

double < seismometer . :
magnetic—)@ _ S e .
shields
>D-MOT f collimator Calculated phaseshift¢’, (rad)
- .l (c 0 ‘\
87Rb
D S Y West
\® < 3D-MOT
/” i
Fast — — J Y beam
= 3D-MOT A 3D-MOT
<
—  beam
Symetric /t > r
detection 5 /'r AD =ke,»,(2g(-7’ )=2z,(0)+z (T ))= k,, _Tgs(f) v, (1) dt
é \f /4
retro-reflection
rror Seismometer > PC %kefngz
isolation N
v(t) —» -D,;
platform (©) vib K.p8T? + @y,
v Interferometer

Sensor : free fall atoms, g deduced from frequency measurement
Vibration rejection with a seismometer and an isolation plateform,
Repetition rate : 2.8 Hz

The Quantum Gravimeter A/V\»



Compact Gravimeter at SYRTE - Paris

Application:

Field sensor for local gravity
measurements

Commercial alternative to FG 5
light gravimeter

Features:

e Pyramidal MOT
e 1 laser with 50 mW for

source, beam splitting and detection

15cm

[Q. Bodart, et al. Appl. Phys. Lett. 96, 134101 (2010)]

The Quantum Gravimeter



Compact Gravimeter at SYRTE - Paris

Features: [Q. Bodart, et al. Appl. Phys. Lett. 96, 134101 (2010)]
e Pyramidal MOT
e 1 laser with 50 mW for Sensitivity:

source, beam splitting and detection e Short term: 1,7x107 g/Hz1/2

e Long term: 5x10° g @ 103s

The Quantum Gravimeter



Fundamental physics with matter waves



The (weak) Principle of Equivalence

e Are inertial and gravitational mass
really equivalent? ﬂ‘f
e Do all bodies fall equally?

M inertial = M gravitational

. M. . m. .

e E.(’ ;‘\.(l
m,.a=F=G -
. r_

Heinrich Hertz: Die Constitution der Materie (1884):

“And yet, in reality, we are dealing with two properties, two
essential properties, of matter which may be contemplated quite
independent of one another and which prove by experience, and
only by it, to be completely equivalent.

This coincidence is rather to be considered a most wonderful
mystery which requires an explanation”.



The (weak) Principle of Equivalence

e Are inertial and gravitational mass
really equivalent? ﬂ‘f
e Do all bodies fall equally?

—
—

F=m;-ad=mgyg

Heinrich Hertz: Die Constitution der Materie (1884):

“And yet, in reality, we are dealing with two properties, two
essential properties, of matter which may be contemplated quite
independent of one another and which prove by experience, and
only by it, to be completely equivalent.

This coincidence is rather to be considered a most wonderful
mystery which requires an explanation”.



Lunar Laser Ranging

e Mg .sun " Mg.earth

mMi earth@ =— 5
r

e Mg sun * Mg, moon

i moon@ — 5

r
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Torsion pendulum experiments

torsion fibre

Torsion pendulum
composition of the earth

composition of the moon

Sun

6.00 morning




Tests with classical matter

Lunar Laser Ranging Pendulum experiments MICROSCOPE




Tests with different de Broglie wavelengths

Lunar Laser Pendulum Bose-Einstein
Ranging experiments Condensate

<< 100 m << 103 m ~0,01mm







Quantum tests are
complementary to classical tests



extended parameter range of test theories

O O

p+e+n

O O

O O

p+e-n

CERN: Hydrogen / anti hydrogen



Many experiments worldwide

*)See poster by Alexis Bonnin

Group Species

CERN Hydrogen / Antihydrogen
6Li / 7L

/ ONERA¥) 85Rb/ 87Rb

/ U. Bordeaux (85)/87Ry 39(40/41)K
Ti/Be

There is also a Kasevich-style fountain experiment constructed in China



Quantum tests with matter waves

Veritying two pillars of Einsteins Theory

Einstein Equivalence Principle

Universality ? Universality
of free fall - of redshift

Energy
conservation







Rubidium Potassium



Cooling potassium

Sub-Doppler cooling: M. Landini, Phys. Rev. A 84, 043432 (2011)



Raman-type beam splitter



Dual atom species interferometer for the EP test
with quantum matter (Rb and/or K isotopes)

Gravity induced
phase shift

n/2-pulse
(“beam splitter”)

m-pulse
(“mirror”) 8

n/2-pulse
(“beam splitter”)

—

A If EEP is violated




Set-up of an dual atom interferometer at 1Q
to test the Einstein principle of equivalence

Beam splitting laser

Laser cooling Laser cooling

Detection

retroreflector

Vibration
Isolation



Noisy and unstable environment




Frequency chirp to simulate free ftall

* Free fall = Doppler shift of the resonance

condition of the Raman transition

= AD = K.9.T? - aT? m

/2 T /2

* Dark fringe : independent of T
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RO gravimeter operated during weekends

Accelerations

with tides
without tides

Time [S]



RO gravimeter operated during weekends



Rb gravimeter compared with GPhone

Allan Deviation of Gravity

Time [min]

Comparisons with GPhone provided by J. Flury (IfE)
Short term stability limited by environmental noise



First steps to test the weak equivalence principle.
Targeted sensitivity < 109



RO gravimeter operated during weekends

Comparisons with GPhone
provided by J. Flury (IfE)
Short term stability limited
by environmental noise

The Quantum Gravimeter



Rb gravimeter compared with GPhone

Comparisons with GPhone provided by J. Flury (IfE)
Short term stability limited by environmental noise

The Quantum Gravimeter



Take home messages

Clocks and matter wave interferometer test two aspects of
the Einstein principle of equivalence:

'2 sides of the same medal’
Matter wave interterometry extend the range of test
parameters (Holger Mdller and Mike Hohensee)
Matter-wave tests are yet orders of magnitude off from
classical tests
New devices will enhance the sensitivity by extending free

fall: J. Hogan / M. Kasevich, ICE, QUANTUS experiment at

the drop tower



Perspectives
Very Long Baseline Atom Interferometry

On Ground and in Microgravity



Seqguence for an atom interferometer

Laser cooling
Select the non-magnetic

Prepare atoms S
Zeeman state
Launch or drop atoms
Perform Raman or Bragg type 01-7?s
Interferometry Process -
e o Fluorescence / absorption 0.01 s

Detection

Check systematics Change parameters



0Q
(AQ)” = (Ap)" (— 0

Increasing sensitivity

Minimisin hase noise . . .
J b - Long Interaction times

- Increasing number of atoms .
— |large atomic mass

- Beating the shot noise
- ultra cold atoms

- Environmental control
- Coherence

- Ultrastable lasers (frequency,

intensity) - Large momentum transfer



The importance of sub-recoil energies & spatial mode features

Systematics - inhomogeneities
- Gravity gradients and rotations

- Convolution of the matter wave and light
mode

- Wave curvature

Control of the centre-of-mass motion Ultracold (nK, pK) atoms

Detection

Coherent optics

Signal to noise

- Efficiency of large momentum beam
splitter

- Beating the shot noise



Fountains & Drop facilities

From 1 to 10 m high atom drop tower

Perspectives



MIGA France (

-

. Bouyer, U.

Bordeaux)

Perspectives




Perspectives

VLBAI in Microgravity



Platforms for experiments in extended free fall

platform ug-quality [g] ug-duration

High Fountaines - -

droptower 106 4.8 s,
Einstein elevidd Os with catapult
ISS 104 days to months
space carrier 106 3 days
airplanes 10-2 20 seconds
ballistic rockets 10-° up to 6 minutes
satellite 106 2-5 years

Perspectives



Perspectives



Perspectives



Free fall Simulator:
Living Einsteins dreams

Perspectives



very long baseline atom interterometry

4
r & 7Y

v

Fundamental physics with matter waves



The Bremen Drop Tower at ZARM:
A low energy/low noise lab for matter waves

Duration of experiments

Drop from 100m: 4 seconds
Catapult: 9 seconds

QUANTUS laser system was the
first scientific equipment flown in
the catapult

M
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| |
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QUANTUS |



Status
 more than 400 drops
 Robust alignment
e 3 drops per day
* High complexity

Study of Evolution & control
of condensates

Test of chip-based atom
lasers for precision inertial
sensing

In future:

Test of free fall of iIsotopes
of potassium and rubidium



Evolution of an atomic wave packet

during the free fall of up to 1000 ms duration

van Zoest et al. Science 328, 1540 (2010)

30 ms

500 ms

10 000 - 20 000 Atoms 1000 ms
Delocalised after 2 s over 1 mm

Coherence?




Evolution of an atomic wave packet

during the free fall of up to 1000 ms duration

van Zoest et al. Science 328, 1540 (2010)



State preparation

Rubidium






Preparation of atomic wave packet in the
non-magnetic state via rapid adiabatic
passage o+

0,6

0,4

0,2

0,0

Energy [MHZz]

0,2 [ E -

.0’4 1 | ] o ] | ] : | ] | ] - ] |
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Frequency [MHZ]



Ve, =20,99 MHz
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20,7



Preparation of atomic wave
packet in the non-magnetic
state via rapid adiabatic

PassSage

0,8
0,6

‘N 04
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> 0,2
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L1 0,0
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04l 1
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Frequency [MHZ]

30 ms

500 ms

1000 ms



L ongest free fall of a quantum object 2 s
obtained with Delta kick cooling

| /

N




Delta-Kick "Cooling’

The name "cooling" Is misleading as
there no gain in phase space density

After the free expansion after the release
position and momentum of the atoms have
a linear relation ship



Reduction of the expansion
rate by a "3D magnetic lens’

[ owest trap freq. on ground
fighter trap

eapplied magnetic lense 2ms after
release for 300us

Holger Ahlers 04.11.2010 Group Seminar



L ongest free fall of a quantum object 2 s

obtained with Delta kick cooling
A

30 ms

B 500 ms

10 000 - 20 000 Atoms 1000 ms
Delocalised after 2 s over 1 mm

Coherence?




DKC - achieving energies in the pK range 7

Employing DKC twice - a matter-wave telescope

A A

Kick 1 Kick 2




Upgrade of QUANTUS |



Interterometry (MZI) with BEC in microgravity
A



Interferometry (MZI1) with BEC in microgravity

* Coherent manipulation with a moving light grating

Energy

Momentum



Shear interferometer



Asymmetric Interferometer (MZI)



A gigantic meter-length double slit experiment



Coherence of BEC w/wo DKC in microgravity



The achievements of QUANTUS |

e Demonstration of technological feasibility of Bose
Einstein Condensation in microgravity

e |[nterferometer based on BEC in microgravity
e | ongest observed BEC in free fall

e | ongest matter wave Interferometer time
demonstrated in microgravity (2T=600 ms)

e Biggest spatial (with respect to actual size) and
temporal separation of a macroscopic wave packet

e | aboratory for testing the necessary tools for high
resolution atom interferometry in microgravity /
extended free fall

e nK/pK laboratory



Advantages
Robust
Low power, atoms are "close" to wires
Large gradients, high trap frequencies

Challenges
Small volumes
Small atom numbers
Background loading, slow loading times



QUANTUS-1
VErsus
QUANTUS-2



Advanced atom chips (QUANTUS 2)



QUANTUS-2: setup

400 mm



QUANTUS-2: experimental sequence



QUANTUS-2: performance



QUANTUS-2: DKC performance



Advantages

Robust
Low power, atoms are "close" to wires

Large gradients, high trap frequencies

Challenges
Small volumes
Small atom numbers
Background loading, slow loading times



Chip based atom interferometers

Shaker test of a chip-based atom interferometer

New window for accuracy for
gravimetry thanks to ultra cold
matter

High tlux, fast, compact

New concepts for
interferometry

Robust devices without
mechanical parts
(5.4 g RMS 60s)

Autonomous operation






MAIUS: An Atom-Interferometry Sounding
Rocket Mission (2014)
Vacuum Pumps

European / / /

Recovery System

Science Section
MAIUS servic /

system and rate

control system
Y Laser System

/

Electronics

Goals

— First demonstration of a BEC-based atom
interferometer on a sounding rocket

— Testing interferometry and probing quantum
mechanics at unprecedented times scales

— Achieving ultra low energy ensembles

\

S






Science Objective of the STE-QUEST ATom Intertferometers (ATI)

Comparison of the propagation of matter waves (85/87 Rb) in the Earths
gravitational field to parts in 1015

Measurement &

Characterisation Characterisation



non-rotating satellite

0 02 04 06 0.3 1 12 14 16 18 2



Space-Time Explorer and QUantum
Equivalence principle Space Test (STE-QUEST)

Atom interferometer part: test of the weak equivalence principle to one part in 1015

integration to reachn = 10~ 1%







Motivations

Earth observation

e Precision gravimetry
e Rotation sensing

Fundamental physics

e Are inertial and gravitational
mass really equivalent?

e Do all bodies fall equally?
¢ (De-)coherence



Perspectives

Spin-off: Quantum Gravimeter



Chip based quantum gravimeter

Cooperation with J. MUller, IfE



Chip-based quantum gravimeter

atom ¢
Tra

N

O

igh atom number
mportant functions can be made by

P

0INg and evaporative cooling

Delta-kick cooling

Transfer into non-magnetic state

Reference mirror
Sub recoil cold atoms
Bragg interterometry

Chip based guantum gravimeter



Summary

Atom interferometer are promising tools for monitoring
ravity over long time scales with high precision
absolute gravimetry)

Instruments develop from laboratory devices to robust
SENSOors

Large potential for future improvements, large
operational range

New era of sub recoil cooled atoms will revolutionize
high precision sensing

Stationary facilities with unprecedented sensitivity are
a new focus of research



Take home messages

e Paradigm change from laser cooled to ultra cold atoms
(all tools readily available, see also J. Close experiments)

e First matter wave interferences with a dilute coherent
atomic wave packet (nK energy) during extended free fall

« DKC makes It possible to venture towards energies in the
pK-regime

 Matter wave telescope allows to do this with atom chips

* Chip-based robust high flux atom lasers

« Quantum gravimeter based on atom chips show a large
potential for improving current systematics of atom
Interferometers

 Rocket capable atom interferometers test scheduled for
2014 to investigate matter waves at extended times of free
fall



Thanks



atom interferometry

from small to tall

| ecture on
Inertial Atomic Quantum Sensors

State of the art and perspectives



Chip based guantum gravimeter



The Quantum Gyroscope



Gyroscopes

GYyroscopes

vy



Gyroscopes

GYyroscopes

vy



Gyroscopes

GYyroscopes

vy



Gyroscopes

...at Fundamentalstation Wettzell

Gyroscopes "V\/\’




Ditferent Topologies for measuring inertial forces

A, =

Ql

Sagnac Interferometer

Gyroscopes «/Vv\»




Gyroscopes

GYyroscopes

vy



Gyroscopes

...at Fundamentalstation Wettzell

Atom Matter Wave Interferometry: from testing quantum mechanics to applications

Chapter: Applications in Earth Observation



Gyroscopes

...at Fundamentalstation Wettzell

Gyroscopes "V\/\’




Laser cooled Rubidium atoms
(7 microK)

2-photon Raman transition
dual atom interferometer

GYyroscopes



Mach-Zehnder type interferometer

Current resolution

GYyroscopes

vy



Ditferential Cold Atom Sagnac Interferometer

-———roee)

GYyroscopes

vy



Ditferential Cold Atom Sagnac Interferometer

GYyroscopes

vy



Gyroscopes

Terre

e 10

Time (s)

34 hours

A

MOT A MOT B

[ 5.108g

Time (S)

GYyroscopes

vy



Gyroscopes

%.4' 107 rad.s"Vt

O

Allan standard deviation of
rotation (rad.s™)

~ 108 rad.s1

Time (S)

Rotation limited by
Quantum Projection Noise

Allan standard deviation of

acceleration (m.s?)

temperature fluctuations

N

4.—
5,5 107 mys2 at 1 second

Time (S)

Acceleration limited
by vibrations

o

GYyroscopes

vy



Measurement of the 6 axes of inertia

B. Canuel et al., PRL 97, 010402 (2006)

GYyroscopes W




Linearity of the scale factor

Rotation rate (rad/s)

Measure of the scale factor

15124 + 12 rad /(rad.s?1)

Gyroscope linearity :
guadratic < 10-°
cubic <104




