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Wave-particle duality in atom interferometers
Precision measurements at the quantum limit

Philipp Treutlein




Outline

Philipp Treutlein

Height

|b, po + 2Pk )

b, po + 2Pk g5}

Atom interferometry:

Matter waves for precision measurements

An atom interferometer on a microchip

Quantum metrology:
Entanglement-enhanced interferometers

Quantum foundations with many-particle systems

University of Basel

2



Louis de Broglie and the wave-particle duality of matter

Louis de Broglie

h When | conceived the first basic ideas of wave
A JB=—"=—"" mechanics in 1923—1924, | was guided by the aim to
n-v perform a real physical synthesis, valid for all

particles, of the coexistence of the wave and of the
corpuscular aspects that Einstein had introduced
for photons in his theory of light quanta in 1905.

L. de Broglie, The reinterpretation of wave mechanics,
Found. Phys. 1, 5 (1970).

/ldB

L. de Broglie, Ondes et quanta,
Comptes rendus 177, 507 (1923).

L. de Broglie, Recherches sur la théorie des quanta,
Faculté des Sciences de Paris (1924).
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Double slit interference of He* atoms

A = 0.1 nm

=1

Interference pattern appears
atom by atom

Wave nature of atom — interference

50

Particle nature of atom — quantum noise

Carnal, Kurtsiefer, Pfau, Mlynek, see e.g.
PRL 66, 2689 (1991); Nature 386, 150 (1997).
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Examples of matter waves

AaB =
m-y
/ldB

object m [kg] v [m/s] AdaB [m]
electron 9.1x10-31 6x106 1x10-10
neutron 1.7x10-27 200 2x109
87Rb atom (300 K) 1.4x10-25 270 2x10-11
8’"Rb atom (100 nK) 1.4x10-25 0.005 1%10-6
Ceo molecule 1.2x10-24 210 3%10-12
oligoporphyrin 4x10-23 260 6x10-14

nanoparticles? 10-18
soccer ball 0.5 20 7%x10-35

electron

neutron

atom

C60

oligoporphyrin

Fein et al, Nat Phys
15, 1242 (2019)

nanoparticle
Deli¢ et al, Science
367, 892 (2020)
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Atom interferometry: matter waves for precision measurement

GerSCOPe 2D molasses Blaster beam  Optical table Atomic Sagnac loop PMT Beam SPIitter for atoms

| / /
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shield
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Hyperfine Raman
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Mechanical transmission grating
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S

pumping population Wave-packet Pritchard et al.
transfer manipulation
Gustavson et al, PRL 78, 2046 (1997)
Phase shift due to rotation ot T _
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Atom interferometric measurement of gravity

Vibration
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Atom interferometric measurement of gravity

Vibration
isolator

— mirror

Raman beams%

.
magnetic caesium
shield atoms

trapping

beams W
blow-away,
beam %

detection

beams
— microwave
trapping

repumping
beam

Stanford University, 2

.‘_ \

000
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P. Treutlein, K.Y. Chung, and S. Chu, PRA 63, 051401 (2001)
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Applications: gravity cartography

Detection of underground tunnel
with an atom interferometer
operated as a gravity gradiometer

Portable systems are
commercially available

200+ o
Magnetic shieldin
In-vaoci)t{iucg gl
1504 A
o
€ 1004 E
% Control b
Stray et al, Nature 602, 590 (2020) g | oiccromes 3
2 504 d
>
@ Mode 1 Mode 2
0]
Credible interval bands
Ag o /
_— . Gradiometer data 87Rp
Ax dispenser
e CAINQ D e S S S e S S e e Site model
1 E - 1 0-9 S-2 Detection
-504 optics
L] L} L} L I 1 L} 1 1 1 m
-4 -3 -2 = 0 1 2 3 4 5
Position (m)
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Search for new physics with atom interferometry

100

Beam splitter Mirror Beam splitter
2 n 2

B B B

' la, po)
b, po + 2hkeg) A¢ — keﬁ'aTz

10

A(meV)

|b, py+ 2hk o)

Torsion
balance

Height

01}

7 \ 10710 1075 1
atoms MIMp]
Chameleon scalar fields
— — "
< < C > Jaffe et al, Nat Phys 13, 938 (2017)
0 T 2T

Time

Search for new physics
» drifts of fundamental constants
H. Mdller and P. Haslinger, » 5th force measurements
Phys Unserer Zeit 49, 228 (2018) - dark energy models (chameleons, symmetrons...)
« Casimir Polder forces
« gravitational Aharonov-Bohm effect

Philipp Treutlein University of Basel 10
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Atom chips: a quantum laboratory on a microchip

Microfabricated wire Chip-based magnetic microtraps
pattern on a chip

400 T<30nK
1.1 um x 4.0 ym

~10 pm
polymide

chip surface
T =300 K

Ultracold rubidium atoms at micrometer distance
from a room-temperature chip surface

Prilep Treuten P. Treutlein et al, Coherence in Microchip Traps, Phys. Rev. Lett. 92, 203005 (2004).

University of Basel 12



Compact glass cell vacuum chamber

ultra-high vacuum
3 x 10-10 mbar

cooling laser beam

* mirror-MOT
 optical molasses
« optical pumping
* magnetic trap
 transport atoms

 evaporative cooling
to Bose-Einstein
condensation

Philipp Treutlein
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Compact glass cell vacuum chamber

ultra-high vacuum
3 x 10-10 mbar

T>Tc

mirror-MOT
optical molasses
optical pumping
magnetic trap
transport atoms

 evaporative cooling
to Bose-Einstein
condensation

T« Tc

all degrees of freedom
of atoms in well-defined
quantum state

Philipp Treutlein University of Basel




Detection: absorption imaging

image shadow cast by

ultra-high vacuum atoms onto CCD camera

3 x 10-10 mbar

CCD camera
detection beam

578 + 5 atoms

Philipp Treutlein
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Two-component Bose-Einstein condensate of 87Rb atoms

Bose-Einstein

condensation
g quantum state

All atoms in the same

T=15uK

T=1pK
T <100 nK

87Rb ground-state hyperfine structure
rf

F T 2 - 12) = |[F=2,m.=+1)
6.8 GHz mw
l 11) = |F=1,m.=-1)
Fiq & __ j
mr = - -1 0 1 2

Quantum control of
* internal state

< 2% thermal fraction * motion
PRA 93, 043624 (2016)

e collisions

Rabi oscillations
fidelity of 1/2-pulse: (99.741£0.04) %

1 2 3
Rabi pulse length (ms)

Philipp Treutlein

P. Bohi et al, Nature Physics 5, 592 (2009)
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An trapped-atom interferometer on a microchip

on-chip microwave
potentials for coherent

mw currents

20 um

Philipp Treutlein University of Basel 16

P. Bohi et al, Nature Physics 5, 592 (2009)



An trapped-atom interferometer on a microchip

on-chip microwave
potentials for coherent
splitting of BEC

1) 12)
in-situ images of BEC with
y [z 350 atoms during splitting

/2 \ /
=20mm E

Philipp Treutlein University of Basel 16

P. Bohi et al, Nature Physics 5, 592 (2009)




An atom interferometer on a microchip

Ramsey fringes in-situ images
/2 1.0 ———————v—a—
— 06
00 L

E— o5 : -
-1.0 +—r—r—r—r—r—r— ‘
i 02 03 04 05
Tr [MS]

W

N

Pritep Treutein P. Bohi et al, Nature Physics 5, 592 (2009)
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E

I
20 um
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An atom interferometer on a microchip

Y

2oa \a/

4
!

20 um

Ramsey fringes

1.0

in-situ images

02 03 04 05
Tr [MS]

40 41 42 43 44

Philipp Treutlein

P. Bohi et al, Nature Physics 5, 592 (2009)
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An atom interferometer on a microchip

1.0
0.5
0.0

12)

'1-0 ''''''''

Ramsey fringes in-situ images

vvvvvvv

02 03 04 05

Tr [MS]

40 41 42 43 44

82 83 84 85 86

Philipp Treutlein

P. Bohi et al, Nature Physics 5, 592 (2009)
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An atom interferometer on a microchip

Ramsey fringes in-situ images

/2 1.0
\ c / 0.5
0.0

* atom-atom interactions?

\ @ TR
A//il\\\ _\ AV

82 83 84 85 86

05 i
-1.0 |
01 02 03 04 05
« compact setup
\O/\Q/ high spatial resolution
11) 12) * long interrogation times

Philipp Treutlein University of Basel 20
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interferometer quantum

The standard quantum limit (SQL)

signal projection noise
n=(N,—Ny) p(n)
N2 NA
N _|BS phase BS 0 -
\ shift / T\/N
| 1> X?OOCfbeam beam\g\
splitter splitter N N
1 N A6 binomial
| 1)V (|1)+|2>)N (|1)+e—ie|2>>N <isin§|1)+cos§|2)> distribution
“tossing a coin
N times”

Phase uncertainty
An 1

0= dnido = /N

Standard quantum limit (SQL)

Friep Tresten Pezzé, Smerzi, Oberthaler, Schmied, and Treutlein, Rev Mod Phys 90, 035005 (2018) oeshetee #



The standard quantum limit (SQL)

2) 0
\ / phase

¢ %

N BS \ shift / BS
1) Meam beam
splitter splitter N,
Collective spin description 12)
—12)

N
N

S=)s S=—
Sy seEw sep L

S, = ~(N, — Ny)
¢ 2 Wigner

1) function

Pl Treaten Pezzé, Smerzi, Oberthaler, Schmied, and Treutlein, Rev Mod Phys 90, 035005 (2018)
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The standard quantum limit (SQL)

N,
phase
N BS \ shift / BS
| 1> X?OOCfbeam beam\g\
splitter splitter N,

Collective spin description

12) 12)

Phase uncertainty

AS, 1
AO

TS0 N

Standard quantum limit (SQL)

|1)

Friep Tresten Pezzé, Smerzi, Oberthaler, Schmied, and Treutlein, Rev Mod Phys 90, 035005 (2018) oeshyertee #



Quantum metrology with entangled particles

Goal: use entanglement to improve

interferometric measurements Standard quantum limit (SQL)

1
>
NN Mo Ny AN
o000 BS BS < I><>O< independent particles
N \_/ >0
Quantum metrology is useful ﬂ
if resources are limited: Heisenberg limit (HL)
* limited source brightness (limited N) 1
» systematic errors at large N AO > —

» small length scale — size limits N

L L entangled particles
* limited interrogation time Tr

Today’s best atomic clocks and interferometers
operate at or near the standard quantum limit

Philipp Treutlein University of Basel 25



Spin squeezing

atomic collisions
generate entanglement

coherent state squeezed state

H:)(SZ2

—)

time evolution
“‘one-axis twisting”

Kitagawa, Ueda (1993)
& =1 & <1

« useful resource for interferometry
beyond standard quantum limit

» entanglement witness:

£2<1 — atoms entangled
Sgrensen, Duan, Cirac, Zoller (2001)

Spin-squeezing parameter
Wineland, Bollinger, Itano (1992)

52

N (ASa,min) :

(S,

Philipp Treutlein
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Tomography of spin-squeezed state

50 . N =950 + 100

® ®

’S\ ®

Z 10

= 5

N

g standard quantum limit

2

o 0.5

c

g

o

? 01

005" 100 -80 60 40 20 0
Angle a [deq]
£2=-8.2+£0.5dB

Squeezing and tomography = entanglement
Riedel et al, Nature 464, 1170 (2010) (Noise reduced by -8.7 + 0.5 dB,
Schmied et al, New J Phys 13, 065019 (2011) contrast C = 94.9%)

Philipp Treutlein University of Basel 27



Interferometer operating with a spin-squeezed state

|2\ Ny
=
NN hase
) P
& BS \shift / BS
N @ |beam beamM
| 1)})00Cy splitter splitter N,

Phase uncertainty
AS E

Z

0 ~ =
)~ IN

Uncertainty below the SQL
E<1

|1)

Friep Tresten Pezzé, Smerzi, Oberthaler, Schmied, and Treutlein, Rev Mod Phys 90, 035005 (2018) peshyerteee #



Interference fringes with spin-squeezed state

12)

0

in the meantime improved
to -7 dB below SQL

Philipp Treutlein University of Basel 29

Ockeloen et al, Phys. Rev. Lett. 111, 143001 (2013)



Microwave field measurement beyond the SQL

10 Hz
100 Hz
1 kHz

Vinw /h

10 kHz
100 kHz
1 MHz

mw currents

Sensitivity:

Bmw=77pT@1s
(near-resonant mw field)

Probe volume: 20 yms3

Interferometer with spin-squeezed state

0000

|

Tg=23.4ms 20 ms

State-selective ‘

potential position

12°
' phase shift due to
' microwave near-field
4
—_ .
LT $ . $.......... g--.|
SQL—
i $ $ * ¢ $ -
L 2
i : $ $ .
15 20 25 30 35 40

Distance to surface (pm)

Philipp Treutlein

Ockeloen et al, Phys. Rev. Lett.

111, 143001 (2013)
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Exploring quantum foundations with massive many-particle systems

Spin-squeezing and many-particle entanglement
« genuine multipartite entanglement
« Wigner function tomography

Riedel et al, Nature 464, 1170 (2010)
Schmied et al, New J Phys 13, 065019 (2011)

1.0 ' ' | |
- tangiement by the Wineland

en ; S
: - criterion ‘
spin squeezing ]

o
g 08} ‘
g | Many-particle Bell correlations
E 064 . . .
2  Bell correlations in many-particle system
o | 8 tions ;
% 04 128 Bell corre\a_ detected by global measurements
Q k=6 K=5 " | Schmied et al, Science 352, 441 (2016)
g 02} o4 1 Wagner et al, PRL 119, 170403 (2017) A B
0.0¢ ' ' ' :
095 096 097 098 099 1.00 . .
Rabi contrast Cj Einstein-Podolsky-Rosen paradox

« Entanglement patterns, EPR steering
« EPR paradox between two BECs

Fadel et al, Science 360, 409 (2018) B A
Colciaghi et al, PRX 13, 021031 (2023)

Philipp Treutlein University of Basel 31



Spatial splitting of spin-squeezed BEC

BEC in spin-
squeezed state

‘\ »

Philipp Treutlein University of Basel 32



Spatial splitting of spin-squeezed BEC

/ Entanglement
" between two BECs

Philipp Treutlein University of Basel 33



Einstein-Podolsky-Rosen experiment with two BECs

First observation of the EPR paradox
with massive many-particle systems

Colciaghi et al, PRX 13, 021031 (2023)

120 |

Qenx
—60
—120 | '
10180120 60 0 60 120
sy
4Var(5vB —g SA)Var(S’B —g SA) EPR Cl'lterlon
A—B _ y ~ 8y : — 529 .
EASE = e =0813) <1 ' M. D. Reid,
| {S2) PRA 40, 913 (1989)

See Paolo Colciaghi’s talk
SPS award winner
Thursday, 14:30, Room ETF E 1
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New frontier: Multi-parameter quantum metrology

electromagnetic field
O ., O Ly
v/ / PN My

array of entangled

atomic ensembles
§ @ _’ § § « fixed total N
1 3 M * fixed number of
preparations

Global squeezing of all ensembles: S = Zk §k squeezed with £ < 1

Local spin rotations (7-pulses) transfer quantum enhancement to target Hadamard mode

e.9. O = 0= O +...+0,)\/M ABygrger = & Absor Absqr. = V/MIN

for N > 1,
Prepare & measure complete set of modes — all 6; quantum enhanced [A6; & S/ M Abgq; 5\/M <1

Philipp Treutlein

Baamara et al, Scipost Phys 14, 050 (2023); Gessner Nat Commun 11, 3817 (2020), ... ey eresel %



Multiparameter estimation with three entangled atomic ensembles

05 0 05 1 1.5 2 25
Optical Density

preparation of three
entangled spinor BECs

(0,0,0) [-4.9(3)dB

o

(0, ,0) -4.6(3)dB

'
n

Quantum Gain (dB)

-4.2(3)dB

(m,0,0)

(7!', U 0) -38(3)dB 14

(+a+a +) (+)_,+) (_’ +1+) (_1_1 +)

guantum enhancement
of four different modes

Joint quantum gain
for multiple
parameters from
distributed
entanglement

Philipp Treutlein

Li, Joosten, Baamara, Colciaghi, Sinatra, Treutlein, Zibold, to be published

University of Base
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Conclusion and outlook

« Atom interferometry: from inertial sensing and
geoscience to searches for new physics

- de Broglie’s wave-particle duality determines
fundamental precision limits of interferometry

» Today’s best interferometers operate at this limit

* Entanglement can be harnessed to reduce
gquantum noise and improve precision

 Quantum metrology: an exciting research field
where precision metrology meets quantum
foundations

Philipp Treutlein
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