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Atom Interferometry
An introduction

1



Atom Interferometer
Quantum sensors measure (sensing) things by manipulate and read out its quantum states.

Quantum technologies and the elephants, M. S. Safronova and Dmitry Budker, Quantum Sci. Technol. 6, 040401 (2021).
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Atomic Magnetometers

|Ψ⟩ = α1eiϕ1 | ↑ ⟩ + α2eiϕ2 | ↓ ⟩

Atomic Clocks

|Ψ⟩ = α1eiϕ1 |E1⟩ + α2eiϕ2 |E2⟩

Atomic inertial sensors …

|Ψ⟩ = α1eiϕ1 |Ψ1⟩ + α2eiϕ2 |Ψ2⟩

Absolute sensors + Ideal test mass + Internal structure 



Atom Interferometry: inertial sensors
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Challenges = Reliability + Miniaturization

Navigation 

 > 7% of EU GDP (1012 €) 
depends on GNSS


 Strategic independence

Navigation w/o GNSS 

Geophysics 
Earth observations Civil engineering  

Tracking land and water masses

T. Lévèque et al. Journal of Geodesy 95:15 (2021)

Gravity cartography  

B. Stray et al. nature 602, 590-594 (2022)

Courtesy of N. Gaaloul



Atom Interferometry: fundamental tests

Atom 
interferometry

Gravitational 
wave

Short range 
forces

Newton G

Equivalence 
Principle test

Atom neutrality
Foundation of quantumDark Matter
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Transverse
   confinement

Green lattice

→

Elevator 2 Raman 2

Atoms
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Figure 2. Scheme of the upper chamber setup, with the
mirror of interest at its center. Two counter-propagating
beams at 780 nm, red detuned from the Rb87 D2 line by
250GHz, ensure the transport of the atoms, while two other
counter-propagating Raman beams, detuned from the D2 line
by 300GHz, are used to drive the interferometer. The Ra-
man 1 beam is actually retroreflected on a Raman mirror,
not depicted here, located above the mirror of interest [18].
Atoms end up trapped vertically in a lattice resulting from
the retroreflection of a green laser beam at �l = 532 nm onto
the surface of the mirror, and transversally with a progressive
IR beam at 1064 nm. Four linear electrodes (displayed as grey
circles) are used to produce external electrostatic fields.

trap at the end of the evaporation, we reduce this size
by a factor of 3, at the cost of heating the atoms up to
1500 nK. This preparation step is done in a first cham-
ber, 30 cm below our surface of interest, a silica dielec-
tric dichroic mirror, highly reflective at 532 nm for our
measurement shallow lattice, but transparent at 780 and
1064 nm, the wavelengths of our other lasers.

The transport of the atomic cloud to the vicinity of
this mirror is performed with a moving lattice described
thoroughly in [19]. Two counter-propagating beams (Fig.
2) are detuned with a controllable frequency di↵erence,
creating a moving lattice of controllable speed in which
the atoms are trapped. This setup allows a very fine
control on the transport distance �z with a resolution in
the tens of nanometers.

This method provides us with a precise knowledge of
the travelled distance �z from the dipole trap [19]. How-
ever, the distance zat between the atomic cloud and the
surface is not directly known. This distance depends on
the exact distance ztot = zat + �z between the dipole
trap and the mirror which fluctuates depending on beam
alignments and thermal variations. To calibrate this dis-
tance ztot we use the mirror surface directly as a position
reference by transporting our atomic cloud in its vicin-
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Figure 3. Number of remaining atoms detected by fluores-
cence near the mirror surface as a function of the transport
distance �z. We extract the position of the surface ztot and
the width �z of the atomic cloud from a fit to the data (dashed
line).

ity, similarly to [16]. Since atoms kicked into the surface
are lost, the exact position of the surface can be deter-
mined by measuring the number of remaining atoms, as
shown in Fig. 3. Assuming a Gaussian density distribu-
tion and fitting the atom number by an erf function, we
extract the distance ztot, as well as the 1/e2 size of the
cloud. This lets us to adjust the atom-surface distance z
with sub-micrometer uncertainty, limited by the fit un-
certainty. The distance ztot remains stable at the 0.1 µm
level during a few hours but fluctuates by a few microm-
eters over days, therefore we perform this distance cali-
bration step twice an hour along the force measurements
to track any fluctuation.

As for the vertical size �z of our atom cloud, our mea-
surements show that it remains unchanged during trans-
port with a 1/e2 size �z of 3.5 µm.

We end up with 20 000 atoms at most after the trans-
port, in a mixture of |F = 1i and |F = 2i. Atoms in
|F = 2i are depumped in |F = 1i before the transfer of
the atoms in the green static shallow lattice used for the
force measurement. Being blue-detuned, the light poten-
tial confines only in the vertical direction, so we super-
impose (Fig. 2) an additional IR laser beam, progressive
and red-detuned to transversally confines the atoms at
the center of the lattice. After 500ms trapping time,
we are left with at most around 1000 trapped atoms in
|F = 1,mF = 0i to perform the measurements.

Two counterpropagating Raman lasers, detuned from
resonance by 300GHz, couple the |Wm, F = 1i and
|Wm+�m, F = 2i states for every initial well number m.
These beams both enter the chamber at the bottom. At
the top exit of the chamber, one of the two Raman beams
(Raman 2) is reflected out by a cube while the other
(Raman 1) is transmitted and retroreflected on a Ra-
man mirror. This common implementation of the Raman
lasers ensures the stability of the Raman phase di↵erence,

Kovachy et al. Nature (2015)

Balland et al. Phys. Rev. Lett. 133, 113403 (2024)Fixler et al. science 315 5808 (2007)

Rosi et al. nature 510 7506 (2014)

Asenbaum et al., PRL 125, 191101 (2020
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Morel et al., Nature 588, 7836 (2020) 

Parker et al., Science 360(2018) 

Fine structure 
constant



Atom interferometry
Two wave interferometer

α1 |p1⟩

α2eiΔϕ |p2⟩

State  preparation

|p⟩
Quantum superposition 

α1 |p1⟩ + α2eiΔϕ |p2⟩

Projection

N1 = |α1 + α2eiΔϕ |2

BS BS

|p1⟩

5

S =
N1

N1 + N2
= S0(1 + V cos(Δϕ))

! = 75 ± 1%

! = 77%

Δϕ

S



Atom interferometer

Atom source 

cold atoms

State  preparation

|p1⟩

Atom optics:  

optical lattice

Quantum superposition 

α1 |p1⟩ + α2eiΔϕ |p2⟩

Detection:  

Fluorescence

Projection

N1 = |α1 + α2eiΔϕ |2
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S =
N1

N1 + N2
= S0(1 + V cos(Δϕ))

! = 75 ± 1%

! = 77%

Δϕ

S

Two wave interferometer

α2eiΔϕ |p2⟩

α1 |p1⟩



Atom interferometer
A tool for precision measurements
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S =
N1

N1 + N2
= S0(1 + V cos(Δϕ))

! = 75 ± 1%

! = 77%

Δϕ

S

Δϕ ∝ K ⋅ M + ϕsyst.

M: Measured quantityTwo wave interferometer: single parameter Δϕ



Atom interferometer
A tool for precision measurements
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S =
N1

N1 + N2
= S0(1 + V cos(Δϕ))

! = 75 ± 1%

! = 77%

Δϕ

S

Δϕ ∝ K ⋅ M + ϕsyst.

M: Measured quantityTwo wave interferometer: single parameter Δϕ
Sensitivity = The smallest variation of M that can 
be measured within a given time frame.

Low noiseσM = ( ∂S
∂Δϕ

∂Δϕ
∂M )−1σS

Large scale factor

Accurate modeling of 
atom interferometers

Accuracy: Knowledge of Δϕ



Atom interferometer
A tool for precision measurements

9

S =
N1

N1 + N2
= S0(1 + V cos(Δϕ))

! = 75 ± 1%

! = 77%

Δϕ

S

Δϕ ∝ K ⋅ M + ϕsyst.

M: Measured quantityTwo wave interferometer: single parameter Δϕ
Sensitivity = The smallest variation of M that can 
be measured within a given time frame.

Low noiseσM = ( ∂S
∂Δϕ

∂Δϕ
∂M )−1σS

Large scale factor

Accurate modeling of 
atom interferometers

Accuracy: Knowledge of Δϕ

🧐 QUANTUM ADVANTAGE !



Part I accuracy: Phase shift calculations 

Part II sensitivity: LMT atom interferometer
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Atom Interferometry
Lecture 1: phase shift calculations
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Outline: Phase shift calculations
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1. Atom Optics


2. Wave Packet propagation


3. Phase shift formulae


4. Applications
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1. Atom Optics


2. Wave Packet propagation


3. Phase shift formulae


4. Applications

Outline: Phase shift calculations



The standard model of atom optics
2-level atom in free space
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|a⟩

|b⟩
ℏω0

H0 = ℏωb |b⟩⟨b |

Internal variables: (electronic, angulare momentum,  …)  

Two internal states:   and |a⟩ |b⟩

Bohr frequency: ω0 = (Eb − Ea)/ℏ

9

Common atom optics processes

Raman BraggSingle photon

Spontaneous emission in alkali atoms require 2-photon atom optics

0 ћk 2 ћk
4 ћk

6 ћk



The standard model of atom optics
2-level atom in free space
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Internal variables: (electronic, angulare momentum,  …)  

Two internal states:   and |a⟩ |b⟩

Bohr frequency: ω0 = (Eb − Ea)/ℏ

H0 =
̂p2

2M
+ℏωb |b⟩⟨b |

External variables: Center of mass  and  ̂r ̂p

Kinetic energy 
̂p2

2M

|a⟩

|b⟩
ℏω0



The standard model of atom optics
2-level atom in free space
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Uncoupled eigenstate | i, p⟩

Internal variables: (electronic, angulare momentum,  …)  

Two internal states:   and |a⟩ |b⟩

Bohr frequency: ω0 = (Eb − Ea)/ℏ

H0 =
̂p2

2M
+ℏωb |b⟩⟨b |

Plane wave:  |p⟩

p2

2M

eigenstates

eigenvalues

External variables: Center of mass  and  ̂r ̂p

Kinetic energy 
̂p2

2M

|a⟩

|b⟩
ℏω0



The standard model of atom optics
2-level atom in free space
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Uncoupled eigenstate | i, p⟩

Internal variables: (electronic, angulare momentum,  …)  

Two internal states:   and |a⟩ |b⟩

Bohr frequency: ω0 = (Eb − Ea)/ℏ

H0 =
̂p2

2M
+ℏωb |b⟩⟨b |

Plane wave:  |p⟩

p2

2M

eigenstates

eigenvalues

External variables: Center of mass  and  ̂r ̂p

Kinetic energy 
̂p2

2M

Ea

Eb

p

E

ℏω0 |a, pa⟩

pa

|b, pb⟩

pb

ℏω0 +
p2

b

2M



The standard model of atom optics
2-level atom + classical light field
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H =
̂p2

2m
+ ℏωb |b⟩⟨b | + VAL

🤓 homebeachwork: Show the RWA Hamiltonian. hint : use the unitary transform U = e−iĤ0t/ℏ

 Coupling atom - classical e.m. field

E(z, t) =
1
2

eE0ei(kz−ωt−ϕL) + c . c .

Atom-Laser interaction in the Rotating Wave Approximation 

VAL = − D ⋅ E ≈
ℏΩ
2 ( |b⟩⟨a |ei(k ̂z−ωt−ϕL) + |a⟩⟨b |e−i(k ̂z−ωt−ϕL))

absorption emission

Rabi frequency:   and Ω =
−e ⋅ DE0

ℏ
D = ⟨a |d |b⟩

Ea

Eb

p

E

|a, pa⟩

pa

|b, pb⟩

pb



The standard model of atom optics
2-level atom + classical light field
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2-level system: |Ψ⟩ = α(I, τ) |a, p⟩ + β(I, τ) |b, p + ℏk⟩eiϕL

p p + ℏk

Ea

Eb

p

E
 Initial state:  |a, p⟩

 Translation operator: e±ik ̂z |p⟩ = |p ± ℏk⟩

⟨b, p′￼|VAL |a, p⟩ = ⟨b, p′￼|
ℏΩ
2 (e−i(ωt+ϕL)eik ̂z |b⟩⟨a | + h . c) |a, p⟩

=
ℏΩ
2

e−i(ωt+ϕL)⟨b, p′￼|b, p + ℏk⟩ =
ℏΩ
2

e−i(ωt+ϕL)δp′￼,p+ℏk

|a, p⟩

|b, p + ℏk⟩

|b, p + ℏk⟩|a, p⟩
VAL

ℏω0

=
ℏΩ
2

e−i(ωt+ϕL)⟨b, p′￼|eik ̂z |b, p⟩



The standard model of atom optics
Conservation laws

20

p p + ℏk

Ea

Eb

p

E

ℏΔ

|a⟩

|b⟩

1

2

2’

Photon: line E = cp

Energy conservation: 

ℏω +
p2

2M
= ℏΔ + ℏω0 +

(p + ℏk)2

2M

Momentum conservation : p → p + ℏk

atom 
EA, p

light 
 ℏω, ℏk

ℏk p p + ℏk

atom 
Eb, p + ℏk

Δ = ω − ω0 − k
p
M

−
ℏk2

2M
= δ − ωD − ωR

Doppler Photon 
recoil

p2 − p1 = ℏk E2 − E1 = ℏω



The standard model of atom optics
Interaction picture
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Unitary transform:

U = (ei p2
2M t 0

0 ei( p2
2M +ω)t)

H =
p2

2M
ℏΩ
2 eiωt

ℏΩ
2 e−iωt ℏω0 + (p + ℏk)2

2M

Time-dependent hamiltonian:

H̃ =
0 ℏΩ

2 eiϕL

ℏΩ
2 e−iϕL ℏΔ

Time-independent hamiltonian:
H̃ = UHU† + iℏ ·UU†

H =
̂p2

2m
+ ℏωb |b⟩⟨b | +

ℏΩ
2 ( |b⟩⟨a |ei(k ̂z−ωt−ϕL) + |a⟩⟨b |e−i(k ̂z−ωt−ϕL))



The standard model of atom optics
Diagonalisation of H̃

22

-4 -2 2 4

-4

-2

2

4

Δ

E

λ± =
ℏΔ
2

± ℏ
2

Δ2 + Ω2

| + ⟩ = sin θ | ã⟩e−iϕ/2 + cos θ | b̃⟩eiϕ/2

| − ⟩ = cos θ | ã⟩e−iϕ/2 − sin θ | b̃⟩eiϕ/2sin 2θ =
Ω

Ω2 + Δ2

cos 2θ =
−Δ

Ω2 + Δ2

Eigenvalues of :H̃

Eigenstates of :H̃

| − ⟩

| + ⟩



The standard model of atom optics
Diagonalisation of H̃
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Application: Light shift

Δ ≫ Ω
| − ⟩ ≈ |a⟩

| + ⟩ ≈ |b⟩

-4 -2 2 4

-4

-2

2

4

Δ

E
| − ⟩ ≈ | ã⟩

| + ⟩ ≈ | b̃⟩

| + ⟩ ≈ | ã⟩

≈
ℏΩ2

4Δ
∝ I Engineering ground-state energy landscape 

λ± =
ℏΔ
2

± ℏ
2

Δ2 + Ω2

| + ⟩ = sin θ | ã⟩e−iϕ/2 + cos θ | b̃⟩eiϕ/2

| − ⟩ = cos θ | ã⟩e−iϕ/2 − sin θ | b̃⟩eiϕ/2sin 2θ =
Ω

Ω2 + Δ2

cos 2θ =
−Δ

Ω2 + Δ2

Eigenvalues of :H̃

Eigenstates of :H̃



The standard model of atom optics
Diagonalisation of H̃
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-4 -2 2 4

-4

-2

2

4

Δ

E

λ± =
ℏΔ
2

± ℏ
2

Δ2 + Ω2

| + ⟩ = sin θ | ã⟩e−iϕ/2 + cos θ | b̃⟩eiϕ/2

| − ⟩ = cos θ | ã⟩e−iϕ/2 − sin θ | b̃⟩eiϕ/2sin 2θ =
Ω

Ω2 + Δ2

cos 2θ =
−Δ

Ω2 + Δ2

Eigenvalues of :H̃

Eigenstates of :H̃

| + ⟩ → e−i λ+t
ℏ | + ⟩

Time evolution: 

| − ⟩

| + ⟩

| − ⟩ → e−i λ−t
ℏ | − ⟩



-4 -2 2 4

-4

-2

2

4

Δ

E

| − ⟩ =
| ã⟩ − | b̃⟩

2

| + ⟩ =
| ã⟩ + | b̃⟩

2

Ω
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The standard model of atom optics
Rabi oscillations

Initial : |Ψ̃(0)⟩ = | ã⟩ =
| + ⟩ + | − ⟩

2

 For :  and  Δ = 0 λ± = ± ℏΩ
2

| ± ⟩ =
| ã⟩ ± | b̃⟩

2

|Ψ̃(t)⟩ =
1

2
( | + ⟩ei Ω

2 t + | − ⟩e−i Ω
2 t)Time evolution: 

Rabi oscillations Pa→b = |⟨b̃ |Ψ̃(t)⟩ |2 = sin2 Ωt
2

=
1
2 ( | ã⟩ei Ω

2 t + | b̃⟩ei Ω
2 t + | ã⟩e−i Ω

2 t − | b̃⟩e−i Ω
2 t) = cos( Ωt

2 ) | ã⟩ + i sin( Ωt
2 ) | b̃⟩

Rabi oscillations = Interference 
between two eigenstates that 
accumulate different phases.



Atom optics
Rabi oscillations between momentum states

Pulse duration

  and  depend on the  laser intensity 
and duration


 Laser phase  on the transferred state


 Transition probability:

α β

ϕL

Rabi oscillations

P[p→p+ℏk] = |β |2 ∝ sin2( Ωτ
2 )

|Ψ⟩ = U† |Ψ̃⟩ = α(I, τ) |a, p⟩ + β(I, τ) |b, p + ℏk⟩eiϕL



Pulse duration

Atom optics
Rabi oscillations between momentum states

|p⟩

 pulse = beam-splitterπ/2

|p⟩

|p + ℏk⟩eiϕl

|p⟩ |p + ℏk⟩
1

2
( |p⟩ + |p + ℏk⟩)

 pulse = Mirrorπ

|p⟩

|p + ℏk⟩eiϕl

|Ψ⟩ = U† |Ψ̃⟩ = α(I, τ) |a, p⟩ + β(I, τ) |b, p + ℏk⟩eiϕL



Atom optics
Single and multi-photon process

Single photon

Ea

Eb

p

E

p p + ℏk

9

Common atom optics processes

Raman BraggSingle photon

Spontaneous emission in alkali atoms require 2-photon atom optics

0 ћk 2 ћk
4 ћk

6 ћk

Two photons : Raman Two photons : Bragg

|Ψ⟩ = α |Ea, p⟩ + β |Eb, p + ℏk⟩eiφopt(t)

Ea

Eb

p

E

p p + 2ℏk

k1, ω1

k2, ω2

k1, ω1

k2, ω2

|Ψ⟩ = α |p⟩ + β |p + ℏk⟩eiφrf(t)

9

Common atom optics processes

Raman BraggSingle photon

Spontaneous emission in alkali atoms require 2-photon atom optics

0 ћk 2 ћk
4 ћk

6 ћk



Light pulse atom interferometer
Various configurations

29

Time

Space

Symmetric interferometer
0 T 2T 0 T T+T’ 2T+T’

Space

Time

Ramsey-Bordé interferometer

Various geometries, w or w/o internal states … 



Light pulse atom interferometer
N-pulse atom interferometer

30

path A

path B

ti ti+1

rA,drB,d

propagationlaser pulses

The total phase shift equals the sum of the phase shifts for each interferometer slice.

 Two paths


 Two output ports


 Integration of each ports

out1

out2
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1. Atom Optics


2. Wave Packet propagation


3. Phase shift formulae


4. Applications 🔎

Outline: Phase shift calculations



Propagation of a wave packet
Review of classical lagrangian dynamics

32

Classical rc(t)

r0(t0)

r(t)

Alternative expression for 
the classical action: SCl = ∫r(t)

(pdr − Hdt)

Principle of least action: particle follow 
a path of extremal action ( ).δS = 0

SCl(r, t; r0, t0)

🧐 think phase of plane wave:  
1
ℏ

(p ⋅ r − Et)

S
S SClParticle of mass  in a potential m V

S = ∫
t

t0

L(r(t′￼), ·r(t′￼))dt′￼Action :

Lagrangian : L(r(t′￼), p(t′￼)) =
m
2

·r2 − V

Canonical momentum: p =
∂L
∂ ·r



Propagation of a wave packet
Quantum Propagator

33

iℏ
∂
∂t

|Ψ(t)⟩ = H(t) |Ψ(t)⟩Schrödinger equation:
?

Ψ(r0, t0) = ⟨r |Ψ(t0)⟩

  is solution of the Schrödinger equation 
with initial wave packet localized in .


 Green’s function of Schrödinger equation.


  = amplitude from a space-time 
 to 

K(r, t)
(r0, t0)

K(r0, t0; r, t)
(r0, t0) (r, t)

Ψ(r, t) = ⟨r |Ψ(t)⟩

Your favorite book in quantum e.g. : 

Cohen-Tannoudji et al.  Quantum Mechanics, Tomes I(Wiley, New-York, 1977)

|Ψ(t)⟩ = U(t, t0) |Ψ(t0)⟩

Propagator: K(r0, t0; r, t)

Ψ(r, t) = ∫ dr0K(r0, t0; r, t)Ψ(r0, t0)

Ψ(r, t) = ⟨r |Ψ(t)⟩ = ⟨r |U(t, t0) |Ψ(t0)⟩

= ∫ dr0⟨r |U(t, t0) |r0⟩⟨r0 |Ψ(t0)⟩



Propagation of a wave packet
Quantum propagator for quadratic H or L

34

classical rc(t) Ψ(t, r)

Ψ(t0, r0)

Feynman path integral approach

K(r, t; r0, t0) = 𝒩∑
γ

eiSγ/ℏ = ∫ 𝒟[r(t)]eiSγ/ℏ

K(r, t; r0, t0) =
1
C

exp[ i
ℏ

SCl(r, t; r0, t0)]
J.H. van Vleck PNAS (1928)

C.J. Bordé Les Houches Lectures (1991)

At most quadratic hamiltonian in r and p

H =
p ̂βp
2m

− mg ⋅ r −
m
2

r ̂γr − rα̂p + f ⋅ p

Simplified expression 
for the propagator

van Vleck Propagator

kinetic


GW

gravity


acc.

gravity grad 


harm. pot.
Rotation

Still a good approximation in the semi-classical limit: SCl ≫ ℏ
 Wave packet width smaller than typical variations of H:  & Δn

r ≪ ∂n
rH Δn

p ≪ ∂n
pH



Propagation of a wave packet
Propagator for at most quadratic hamiltonian
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Ψ(t0, r0)

Ψ(t, r)

quadratic hamiltonian - lagrangian

 is a gaussian K(r, t)

 is quadraticSCl(r, t)



Propagation of a wave packet
Gaussian wave packet

36

Ψ(t0, r0)

Ψ(t, r)

GaussianQuadratic hamiltonian - lagrangian

 is a gaussian K(r, t)

 is quadratic SCl(r, t)

 Initial gaussian wave packet Ψ(r, t0) =
1

|det(X(t0) |
exp[ im

2ℏ
(r − rc)Y0X−1

0 (r − rc) +
i
ℏ

(r − rc) ⋅ pc]

 Analogous to the complex radius 
of curvature of Gaussian beams.


 Tricky to move from X and Y to 
the usual widths in phase space.

Y Width in velocity space


X Complex width in physical space

Widths of the wave packet

Center of the w.p.  


Velocity 

rc

vc = pc/m

Centers of the wave packet

C.J. Bordé Les Houches Lectures (1991)



Propagation of a wave packet
Example: free propagation of a 1D wave packet
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Ψ(z, t0) ∝ exp[ im
2ℏ

Y
X0

(r − rc)2] × exp[ i
ℏ

(r − rc) ⋅ pc]
Initial conditions:  & t0 = 0 rc(0) = 0

M.Jeppesen et al, PRA (2008)

Ψ(z,0) ∝ exp[i
pc

ℏ
r]exp[ −r2

σ2 ]

Y(0) =
2ℏ
mσ

X(0) = − iσ

minimal wave packet



Propagation of a wave packet
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Comparison with Laser Gaussian beam (2 + 1)D :

E ∝ exp[ikz]exp[ −r2

w2
0

]
At the waist position z = 0

Ψ(z, t0) ∝ exp[ im
2ℏ

Y0

X0
(r − rc)2] × exp[ i

ℏ
(r − rc) ⋅ pc]

Initial conditions:  & t0 = 0 rc(0) = 0
M.Jeppesen et al, PRA (2008)

Ψ(z,0) ∝ exp[i
pc

ℏ
r]exp[ −r2

σ2 ]

Y(0) =
2ℏ
mσ

X(0) = − iσ

minimal wave packet

Example: free propagation of a 1D wave packet

A thorough and detailed comparison in C.J. Bordé Les Houches Lectures (1991)



Propagation of a wave packet
Gaussian wave packet
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Ψ(r, t) =
1
C ∫ e

i
ℏ SCl(r,t;r0,t0) Ψ(r0, t0) dr0

Convolution product between 
2 gaussians = gaussian

Ψ(r, t) =
e

i
ℏ SCl(r,t;r0,t0)

C |det(X) |
exp[ im

2ℏ
(r − rc)YX−1(r − rc)]exp[i

pc

ℏ
(r − rc)]

Ψ(t0, r0)

Ψ(t, r)

Gaussian

Gaussian

 Shape of the wave packet is not changed : gaussian stay gaussian


 Propagation : classical propagation of rc, pc, X, Y



Propagation of a wave packet
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Ψ(z, t) ∝ exp[i
pc

ℏ
(r − rc)]exp[ −(r − rc)2

σ2 + ( 2ℏ
mσ t)2 ]exp[i

2ℏt/m
σ4 + (2ℏt/m)2

(r − rc)2]Y(t) =
2ℏ
mσ

X(t) = − iσ +
2ℏ
mσ

t

 Conservation of phase-space volume: Im(YX∗) =
2ℏ
m

Ψ(z, t) ∝ exp[ i
ℏ

SCl]exp[ im
2ℏ

Y
X

(r − rc)2] × exp[ i
ℏ

(r − rc) ⋅ pc]

Example: free propagation of a 1D wave packet

SCl =
mr2

c

2t
Free particle



Propagation of a wave packet
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Ψ(z, t) ∝ exp[i
pc

ℏ
(r − rc)]exp[ −(r − rc)2

σ2 + ( 2ℏ
mσ t)2 ]exp[i

2ℏt/m
σ4 + (2ℏt/m)2

(r − rc)2]

E ∝ exp[iϕ(z)]exp[ikz]exp[ −r2

w(z)2 ]exp[ − ik
r2

2R(z) ] = exp[iϕ(z)]exp[ikz]exp[ ik
2Q

r2]

Y(t) =
2ℏ
mσ

X(t) = − iσ +
2ℏ
mσ

t

Comparison with Laser Gaussian beam: (2 + 1)D :

 Conservation of phase-space volume: Im(YX∗) =
2ℏ
m

Ψ(z, t) ∝ exp[ i
ℏ

SCl]exp[ im
2ℏ

Y
X

(r − rc)2] × exp[ i
ℏ

(r − rc) ⋅ pc]

Example: free propagation of a 1D wave packet

SCl =
mr2

c

2t
Free particle

A thorough and detailed comparison in C.J. Bordé Les Houches Lectures (1991)



Propagation of a wave packet
Gaussian wave packet
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Ψ(r, t) =
1
C ∫ e

i
ℏ SCl(r,t;r0,t0) Ψ(r0, t0) dr0

Convolution product between 
2 gaussians = gaussian

Ψ(r, t) =
e

i
ℏ SCl(r,t;r0,t0)

C |det(X) |
exp[ im

2ℏ
(r − rc)YX−1(r − rc)]exp[i

pc

ℏ
(r − rc)]

Ψ(t0, r0)

Ψ(t1, r1)

Gaussian

Gaussian

ϕp =
1
ℏ (SCl(t0, t1) + pc,1 (r − rc,1 ) − pc,0 (r − rc,0 )) + ϑ(X0, Y0, X1, Y1)

center of the wp at  and ti ti+1
width of the wp at 

 and ti ti+1

Propagation phase



43

1. Atom Optics


2. Wave Packet propagation


3. Phase shift formulae


4. Applications

Outline: Phase shift calculations



Propagation phase
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ϕ(A,B)
p =

1
ℏ (SCl(ti, ti+1) + pc,i+1 (r − rc,i+1 ) − pc,i (r − rc,i )) + φ(Xi, Yi, Xi+1, Yi+1)

the last term of the i-th slice cancels out 
with the first term of the (i+1)th slice.

path A

path B

ti ti+1

rA,d
rB,drA,1 = rB,1

SA(ti+1, ti)

SB(ti+1, ti)



Propagation phase
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ΔΦp = Φp,B − Φp,A =
1
ℏ ∑

i
(SB(ti+1, ti) − SA(ti+1, ti))

+
pB,d

ℏ
(r − rB,d) −

pA,d

ℏ
(r − rA,d)

+φB − φA

path A

path B

ti ti+1

rA,d
rB,drA,1 = rB,1

SA(ti+1, ti)

SB(ti+1, ti)

ϕ(A,B)
p =

1
ℏ (SCl(ti, ti+1) + pc,i+1 (r − rc,i+1 ) − pc,i (r − rc,i )) + φ(Xi, Yi, Xi+1, Yi+1)

the last term of the i-th slice cancels out 
with the first term of the (i+1)th slice.



Propagation phase
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ΔΦp = Φp,B − Φp,A =
1
ℏ ∑

i
(SB(ti+1, ti) − SA(ti+1, ti))

+
pB,d

ℏ
(r − rB,d) −

pA,d

ℏ
(r − rA,d)

+φB − φA

ΔΦp =
1
ℏ ∑

i
(SB(ti+1, ti) − SA(ti+1, ti)) +

pB,d + pA,d

2ℏ (rB,d − rA,d)

detection = integration propagation separation

path A

path B

ti ti+1

rA,d
rB,drA,1 = rB,1

SA(ti+1, ti)

SB(ti+1, ti)

ϕ(A,B)
p =

1
ℏ (SCl(ti, ti+1) + pc,i+1 (r − rc,i+1 ) − pc,i (r − rc,i )) + φ(Xi, Yi, Xi+1, Yi+1)

the last term of the i-th slice cancels out 
with the first term of the (i+1)th slice.



Interaction with laser
-like pulsesδ
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 Interaction preserve the wave packet shape + short pulses


 Neglect the effect of additional forces during the pulses


 Laser phase printed on the diffracted part of the wave-function

Δϕl = ∑
i

[(kB,jrB,j − kA,jrA,j) − (ωB,j − ωA,j)tj − (ϕB,j − ϕA,j)]

ti

laser pulse

Ψp+ℏk eiφL

Ψp Ψp+ℏk e−iφL

Ψp+ℏk

φi = ki ⋅ ri − ωiti − ϕi



Interaction with laser
Example of a symmetric interferometer 
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Δϕl =
3

∑
i=1

[(kB,jrB,j − kA,jrA,j) − (ωB,j − ωA,j)tj − (ϕB,j − ϕA,j)]

t1 t2 t3

rA,2

rA,3
rA,1

rB,1

rB,2
rB,3

detection

t1 = 0

t2 = T

t3 = 2T

kAj kBj ωAj ωBj ϕAj ϕBj

0

0

0

0 0

0+k

+k −k

−k

−ω

−ω +ω

+ω

−ϕ1

−ϕ2 +ϕ2

+ϕ3

2-photon transitions :


 ;  ; k = k1 − k2 ω = ω1 − ω2 ϕ = ϕ1 − ϕ2

path A

path B



Interferometer phase shift
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path A

path B

ti ti+1

rA,d
rB,d

For at most quadratic Hamiltonian : 4 end-points theorem

SB(ti+1, ti) − SA(ti+1, ti) =
pB,i+1 + pA,i+1

2
(rB,i+1 − rA,i+1) −

pB,i + ℏkB,i + pA,i + ℏkB,i

2
(rB,i − rA,i) − (EB,i − EB,i)(ti+1 − ti)

ΔΦ =
1
ℏ ∑

i
(SB(ti+1, ti) − SA(ti+1, ti))

+∑
i

(kBjrBj − kAjrAj) − (ωBj − ωAj)tj − (ϕBj − ϕAj)

+
pB,d + pA,d

2ℏ
(rB,d − rA,d)

Δϕ = ϕpropagation + ϕlaser + ϕseparation



Mid-point theorem
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ΔΦ = ∑
i

(kBi − kAi)
rBi + rAi

2
− (ωBj − ωAj)tj − (ϕBj − ϕAj) −

(EBi − EAi)(ti+1 − ti)
ℏ

phase shift calculated by the laser 
phase at the mid-point trajectory 

path A

path B

ti ti+1

rA,d
rB,d

Ch Antoine and Ch J Bordé J. Opt. B: Quantum Semiclass. Opt. 5 S199, (2003)

rest mass energy 
of the atomfrequency and laser phase averaged trajectory 



Beyond quadratic hamiltonian

Δϕ = k(r̄1 − 2r̄2 + r̄3) + δ1t1 − 2δ2t2 + δ3t3 + ∫
Δr
2ℏ ( ∂U(rA, t)

∂r
+

∂U(rB, t)
∂r )dt − ∫

U(rA, t) − U(rB, t)
ℏ

dt

Mid-Point Phase Assymetric Forces Scalar A-B Phase

Exact for quadratic H(r,p) Separated arm interferometers 51

Laser: kr(ti) + δti + ϕi

Propagation: 
1
ℏ ∫ ℒ(r(t), p(t), t)dt

Separation: 
ΔrΔp

ℏ

Chris Overstreet, Peter Asenbaum, Mark A. Kasevich. Am. J. Phys. ; 89 (3): 324, (2021).
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1. Atom Optics


2. Wave Packet propagation


3. Phase shift formulae


4. Applications

Outline: Phase shift calculations



Ramsey interferometer
Clock effect
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ΔΦ =
2

∑
i=1

(kBi − kAi)
rBi + rAi

2
− (ωBj − ωAj)tj − (ϕBj − ϕAj) −

(EBi − EAi)(ti+1 − ti)
ℏ

|1,p0⟩ |1,p0⟩ |1,p0⟩

|1,p0⟩
|2,p0 + ℏk⟩

0 T

π
2

π
2

p

E

p p + ℏk

ℏδp

ℏω0
ℏωL



Ramsey interferometer
Clock effect
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 Detection in port 


  ;  ; 


  ; 


  ; 

|1,p0⟩

kA = 0 kB1 = k kB2 = − k

r̄1 = 0 r̄2 = (p0

m
+

ℏk
2m )T

ωB2 = − ωL ωA = 0

ΔΦ =
2

∑
i=1

(kBi − kAi)
rBi + rAi

2
− (ωBj − ωAj)tj − (ϕBj − ϕAj) −

(EBi − EAi)(ti+1 − ti)
ℏ

|1,p0⟩ |1,p0⟩ |1,p0⟩

|1,p0⟩
|2,p0 + ℏk⟩

0 T

π
2

π
2

p

E

p p + ℏk

ℏδp

ℏω0
ℏωL

Δϕ = − k( p0

m
+

ℏk
2m )T + ωLT − ω0T = (ωL − (ω0 + k ⋅ v0 +

ℏk2

2m
))T = δpT



Ramsey interferometer
Open interferometer = contrast reduction
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|1,p0⟩ |1,p0⟩ |1,p0⟩

|1,p0⟩
|2,p0 + ℏk⟩

0 T

π
2

π
2

Δz =
ℏk
2m

T

Ensemble averaging: ⟨S⟩ ∝ ∫ V cos((δ0 + ωR)T − kv0T)exp[ −
v2

0

2σ2
v0

]dv0

∝ V exp(
−kTσ2

v0

2 )cos((δ0 + ωR)T)

∝ V exp( −Δz2

2ξ2 )cos((δ0 + ωR)T)

ξ
Visibilité (%)

+! (,-)

. = 0

. = 1

Interference : ξ =
ℏ

mσv0

≫ Δz

Requires more pulses
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t1 = 0

t2 = T

t3 = 2T

kAj kBj ωAj ωBj ϕAj ϕBj

0

0

0

0 0

0+k

+k −k

−k

−ω

−ω +ω

+ω

−ϕ1

−ϕ2 +ϕ2

+ϕ3

ΔΦ =
3

∑
i=1

(kBi − kAi)
rBi + rAi

2
− (ωBj − ωAj)tj − (ϕBj − ϕAj)

ΔΦ = k ⋅ (r̄1 − 2r̄2 + r̄3) Need to calculate the classical trajectory

Symmetric 3 pulses Interferometer

0 T 2T

rA,2

rA,3
rA,1

rB,1

rB,2
rB,3

detection



Symmetric 3 pulses Interferometer
Gravity
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0 T 2T

rA,2

rA,3
rA,1

rB,1

rB,2
rB,3

detection

Δϕ = kgT2

ΔΦ = k ⋅ (z1 − 2z2 + z3) = k ⋅ (z0 − 2z0 − 2(vi +
ℏk
2m

)T − 2
gT2

2
+ z0 + (vi +

ℏk
2m

)2T +
g(2T)2

2 )

Trajectory:

Hamiltonian: H =
p2

2m
− mgz

z = z0 + v0t −
gt2

2

Mid point-trajectory with v0 = vi +
ℏk
2m



Symmetric 3 pulses Interferometer
Gravity + gradient
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0 T 2T

rA,2

rA,3
rA,1

rB,1

rB,2
rB,3

detection
Trajectory:

Hamiltonian: H =
p2

2m
− mgz +

mΓz2

2

z =
g + (z0Γ − g)cosh( Γt) + v0 Γ sinh( Γt)

Γ

Δϕ =
k

Γ [(vi +
ℏk
2m )(sinh(2T Γ) − 2 sinh(T Γ)) + Γ(z0 −

g
Γ )(1 + cosh(2T Γ) − 2 cosh(2T Γ))]

≈ kgT2 + kΓT2( 7
12

gT2 − (vi +
ℏk
2m )T − z0) + o(Γ1)

Mid point-trajectory with v0 = vi +
ℏk
2m



Symmetric 3 pulses Interferometer
Gravity + gradient
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0 T 2T

rA,2

rA,3
rA,1

rB,1

rB,2
rB,3

detection

 Constant gravity gradient needs to be considered in accuracy budget


  depends en  can decrease visibility: Δϕ v0 σv0
→ σϕ → V ∝ e−

σ2
ϕ
2

Δϕ ≈ kgT2 + kΓT2( 7
12

gT2 − (v0 +
ℏk
2m )T − z0) + o(Γ1)

 Consider :  ms ;  ; 


  


 

T = 30 k(Raman)
Rb =

4π
λ

ΓEarth ≈ 3 × 10−6 s−2

v0 ≈ 0

ϕg

ϕΓ
≈ 10−7



Symmetric 3 pulses Interferometer
Gravity + gradient
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0 T 2T

rA,2

rA,3
rA,1

rB,1

rB,2
rB,3

detection

k kk + Δk

Δϕ ≈ kgT2 + kΓT2( 7
12

gT2 − (v0 +
ℏk
2m )T − z0) + o(Γ1)

Δk =
1
2

ΓT2k

A constant gravity gradient can be reasonably canceled !
 Visibility improvement


 Relax knowledge on  in fountain 

 Measurement defined at the mirror position

v0



Symmetric 3 pulses Interferometer
Applications: absolute gravimeter

61

 Laser = absolute ruler 


 Atom = ideal mass test

a =
d1 − 2d2 + d3

T2
=

λ
2π

Δϕ
T2

ΔΦ =
2π
λ

⋅ (r̄1 − 2r̄2 + r̄3)
Displacement of free-falling atoms using an optical ruler.

a =
d1 − 2d2 + d3

T2

Absolute g =  trajectory of a free-falling test mass

Atom Interferometer = atom + laser



Gravimetry
Gravimeter « Observatoire de Paris »
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g(Tlse) = 9.804 312 268 m . s−2

Earth Flatenning

1m vertical motion

150kg at few m

Accuracy budget 10−9g

Cold atom gravimeter

Accuracy budget
Evaluation of all systematic effects

Accuracy = combined uncertainty
on the evaluation of all systematics

Dominant systematic effect:
Wavefront aberrations 

Ultracold (evaporatively cooled) atoms
were instrumental for the precise

evaluation of this bias

1 µGal ≈ 10-9g

Best short term stability:  


Best long term stability: 

∼ 6 × 10−8 m ⋅ s−2@ 1s

∼ 6 × 10−10m ⋅ s−2

19

Quelques résultats

Séisme, Chine le 20 mars 
2008 (7.7)
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Excellent accord mesures-modèle de marée

Marées luni-solaires : ± 100 µGal 
(1 µGal = 10-8 m.s-2, ou ~10-9 g)

δg
(1

0−
8

m
⋅s

−
2 )

Cold atom gravimeter

time

t=0 80 ms 20 ms 60 ms

Laser cooling/
trapping Preparation Interferometer Detection

2T ~ 160 ms

Atoms in free fall

Performances 

~ 6 10-9g @ 1s
Best short term stability

Typical long term stability
2-3 10-10g @ 1 day

Best long term stability
~ 5 10-11g

Courtesy of F. Pereira dos Santos



Symmetric 3 pulses Interferometer
Gradiometer configuration
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Δϕup − Δϕdown ∼ LkT3Γ

Gravity variations at high frequency 

0 T 2T

v0

L

v0

Rejecting correlated noise: 


 EP-tests with atoms


 Gravitational Wave


 Dark Matter


 G constant measurement



Symmetric 3 pulses Interferometer
Applications: fondamental tests

64

Acceleration proportional to spacetime area enclosed: Δϕ = kT2 ⋅ a

Sensitivity:
σa

a
=

σΔϕ

kT2 long duration, large momentum transfer 

Measurement of relativistic effects.


Equivalence principle. 

Gravitational waves.



Symmetric 3 pulses
Required sensitivity for challenging State-of-The Art
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0.01 0.1 1 10 100

10-14

10-12

10-10

10-8

Sensitivity in Eötvös ratio HhL vs Interferometry time T Hin sL

T —> few s

Quantum Projection Noise

Long interferometry time

Courtesy of N. Gaaloul



Symmetric 3 pulses
New large Terrestrial Infrastructure and space missions

66

Large fountain: (Stanford, AION, Wuhan, VLBAI …) Space missions



Conclusion 

Exact phase shift calculation for quadratic 
hamiltonian and -like pulse:


The phase shift is the laser phase printed at the centre of the 
wave packet. 

δ

Free fall Atom interferometer = absolute 
sensor

Considering inertial forces during the pulses


Impact of atom interactions 


Relativistic framework unification of atom and light optics

ti ti+1

rA,d
rB,d

Suggestions for further studies:



Conclusion 
Force sensitivity scales with space-time area

68

Long interaction time + Large Momentum Transfer + high acceleration 

𝒜 ∝ T ⋅ Δz ∝ keff ⋅ T2

Δz

Free Fall interferometers

𝒜 ∝ Δz × T ∝ aLMTT3

Optimal sensitivity: Continuous 
acceleration in a lattice

Δz
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Large Momentum Transfer Atom 
Interferometer: LMT Interferometer
Lecture 2

A. Gauguet - FOMO Summer School 2026 - Piombino Italy 



Part I accuracy: Phase shift calculations 

Part II sensitivity: LMT atom interferometer

71



Large Scale atom interferometers 
Needs for Large Momentum Transfert Nk

72

Δz

Separated arms interferometers

UA

UB

Δϕ = − ∫
U(rA, t) − U(rB, t)

ℏ
dt

Δz

Increased acceleration sensitivity 

σa =
σΔϕ

NkT2
Increased 

space-time area

Aharonov-Bohm related phase shift



equivalence 
principle test

2

Elevator 1

Mirror

Raman 1
Transverse
   confinement

Green lattice

→

Elevator 2 Raman 2

Atoms

Fluorescence

Figure 2. Scheme of the upper chamber setup, with the
mirror of interest at its center. Two counter-propagating
beams at 780 nm, red detuned from the Rb87 D2 line by
250GHz, ensure the transport of the atoms, while two other
counter-propagating Raman beams, detuned from the D2 line
by 300GHz, are used to drive the interferometer. The Ra-
man 1 beam is actually retroreflected on a Raman mirror,
not depicted here, located above the mirror of interest [18].
Atoms end up trapped vertically in a lattice resulting from
the retroreflection of a green laser beam at �l = 532 nm onto
the surface of the mirror, and transversally with a progressive
IR beam at 1064 nm. Four linear electrodes (displayed as grey
circles) are used to produce external electrostatic fields.

trap at the end of the evaporation, we reduce this size
by a factor of 3, at the cost of heating the atoms up to
1500 nK. This preparation step is done in a first cham-
ber, 30 cm below our surface of interest, a silica dielec-
tric dichroic mirror, highly reflective at 532 nm for our
measurement shallow lattice, but transparent at 780 and
1064 nm, the wavelengths of our other lasers.

The transport of the atomic cloud to the vicinity of
this mirror is performed with a moving lattice described
thoroughly in [19]. Two counter-propagating beams (Fig.
2) are detuned with a controllable frequency di↵erence,
creating a moving lattice of controllable speed in which
the atoms are trapped. This setup allows a very fine
control on the transport distance �z with a resolution in
the tens of nanometers.

This method provides us with a precise knowledge of
the travelled distance �z from the dipole trap [19]. How-
ever, the distance zat between the atomic cloud and the
surface is not directly known. This distance depends on
the exact distance ztot = zat + �z between the dipole
trap and the mirror which fluctuates depending on beam
alignments and thermal variations. To calibrate this dis-
tance ztot we use the mirror surface directly as a position
reference by transporting our atomic cloud in its vicin-

40 50 60 70 800
500

1,000
1,500

𝑧𝑡𝑜𝑡
2𝜎𝑧

Transport distance Δ𝑧 − 302 300 [µm]
O
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d

at
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s
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m
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Figure 3. Number of remaining atoms detected by fluores-
cence near the mirror surface as a function of the transport
distance �z. We extract the position of the surface ztot and
the width �z of the atomic cloud from a fit to the data (dashed
line).

ity, similarly to [16]. Since atoms kicked into the surface
are lost, the exact position of the surface can be deter-
mined by measuring the number of remaining atoms, as
shown in Fig. 3. Assuming a Gaussian density distribu-
tion and fitting the atom number by an erf function, we
extract the distance ztot, as well as the 1/e2 size of the
cloud. This lets us to adjust the atom-surface distance z
with sub-micrometer uncertainty, limited by the fit un-
certainty. The distance ztot remains stable at the 0.1 µm
level during a few hours but fluctuates by a few microm-
eters over days, therefore we perform this distance cali-
bration step twice an hour along the force measurements
to track any fluctuation.

As for the vertical size �z of our atom cloud, our mea-
surements show that it remains unchanged during trans-
port with a 1/e2 size �z of 3.5 µm.

We end up with 20 000 atoms at most after the trans-
port, in a mixture of |F = 1i and |F = 2i. Atoms in
|F = 2i are depumped in |F = 1i before the transfer of
the atoms in the green static shallow lattice used for the
force measurement. Being blue-detuned, the light poten-
tial confines only in the vertical direction, so we super-
impose (Fig. 2) an additional IR laser beam, progressive
and red-detuned to transversally confines the atoms at
the center of the lattice. After 500ms trapping time,
we are left with at most around 1000 trapped atoms in
|F = 1,mF = 0i to perform the measurements.

Two counterpropagating Raman lasers, detuned from
resonance by 300GHz, couple the |Wm, F = 1i and
|Wm+�m, F = 2i states for every initial well number m.
These beams both enter the chamber at the bottom. At
the top exit of the chamber, one of the two Raman beams
(Raman 2) is reflected out by a cube while the other
(Raman 1) is transmitted and retroreflected on a Ra-
man mirror. This common implementation of the Raman
lasers ensures the stability of the Raman phase di↵erence,

73

Forces at short 
distances

Newton G

10−3 10−2

Gravimeter
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Figure 2. Scheme of the upper chamber setup, with the
mirror of interest at its center. Two counter-propagating
beams at 780 nm, red detuned from the Rb87 D2 line by
250GHz, ensure the transport of the atoms, while two other
counter-propagating Raman beams, detuned from the D2 line
by 300GHz, are used to drive the interferometer. The Ra-
man 1 beam is actually retroreflected on a Raman mirror,
not depicted here, located above the mirror of interest [18].
Atoms end up trapped vertically in a lattice resulting from
the retroreflection of a green laser beam at �l = 532 nm onto
the surface of the mirror, and transversally with a progressive
IR beam at 1064 nm. Four linear electrodes (displayed as grey
circles) are used to produce external electrostatic fields.

trap at the end of the evaporation, we reduce this size
by a factor of 3, at the cost of heating the atoms up to
1500 nK. This preparation step is done in a first cham-
ber, 30 cm below our surface of interest, a silica dielec-
tric dichroic mirror, highly reflective at 532 nm for our
measurement shallow lattice, but transparent at 780 and
1064 nm, the wavelengths of our other lasers.

The transport of the atomic cloud to the vicinity of
this mirror is performed with a moving lattice described
thoroughly in [19]. Two counter-propagating beams (Fig.
2) are detuned with a controllable frequency di↵erence,
creating a moving lattice of controllable speed in which
the atoms are trapped. This setup allows a very fine
control on the transport distance �z with a resolution in
the tens of nanometers.

This method provides us with a precise knowledge of
the travelled distance �z from the dipole trap [19]. How-
ever, the distance zat between the atomic cloud and the
surface is not directly known. This distance depends on
the exact distance ztot = zat + �z between the dipole
trap and the mirror which fluctuates depending on beam
alignments and thermal variations. To calibrate this dis-
tance ztot we use the mirror surface directly as a position
reference by transporting our atomic cloud in its vicin-
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Figure 3. Number of remaining atoms detected by fluores-
cence near the mirror surface as a function of the transport
distance �z. We extract the position of the surface ztot and
the width �z of the atomic cloud from a fit to the data (dashed
line).

ity, similarly to [16]. Since atoms kicked into the surface
are lost, the exact position of the surface can be deter-
mined by measuring the number of remaining atoms, as
shown in Fig. 3. Assuming a Gaussian density distribu-
tion and fitting the atom number by an erf function, we
extract the distance ztot, as well as the 1/e2 size of the
cloud. This lets us to adjust the atom-surface distance z
with sub-micrometer uncertainty, limited by the fit un-
certainty. The distance ztot remains stable at the 0.1 µm
level during a few hours but fluctuates by a few microm-
eters over days, therefore we perform this distance cali-
bration step twice an hour along the force measurements
to track any fluctuation.

As for the vertical size �z of our atom cloud, our mea-
surements show that it remains unchanged during trans-
port with a 1/e2 size �z of 3.5 µm.

We end up with 20 000 atoms at most after the trans-
port, in a mixture of |F = 1i and |F = 2i. Atoms in
|F = 2i are depumped in |F = 1i before the transfer of
the atoms in the green static shallow lattice used for the
force measurement. Being blue-detuned, the light poten-
tial confines only in the vertical direction, so we super-
impose (Fig. 2) an additional IR laser beam, progressive
and red-detuned to transversally confines the atoms at
the center of the lattice. After 500ms trapping time,
we are left with at most around 1000 trapped atoms in
|F = 1,mF = 0i to perform the measurements.

Two counterpropagating Raman lasers, detuned from
resonance by 300GHz, couple the |Wm, F = 1i and
|Wm+�m, F = 2i states for every initial well number m.
These beams both enter the chamber at the bottom. At
the top exit of the chamber, one of the two Raman beams
(Raman 2) is reflected out by a cube while the other
(Raman 1) is transmitted and retroreflected on a Ra-
man mirror. This common implementation of the Raman
lasers ensures the stability of the Raman phase di↵erence,
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Next-generation atom interferometer

Δz

TT

Δz =
Nℏk
m

T

Large Momentum Transfer : N


Long time of flight : T

Goal: Δz > 1 m

⁉s T > 1 > 1000ℏk> 1000ℏk✔

 State of the art: Δz = 54 cm

et  90ℏk T=1s

Kovachy et al. Nature (2015)



Outline: LMT interferometer
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1. The basic building block for LMT interferometry


 Raman transitions


 Bragg and Quasi-Bragg transitions 


2. LMT on sequences of pulses: Bragg - Bloch - Floquet et al. 



Atom optics
Single and multi-photon process
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Spontaneous emission in alkali atoms require 2-photon atom optics
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C.J Bordé, Matter-Wave Interferometers: a synthetic approach, (1997)
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Raman transitions
Principle: -couplingΛ
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k1, ω1

k2, ω2

Coupled states: , , |a, p⟩ |b, p + ℏ(k1 − k2)⟩ | i⟩

 Two counter propagating laser beam:

E =
1
2 (E1eik1⋅r e−i(ω1t+ϕ1) + E2eik2⋅r e−i(ω2t+ϕ2)) + c . c .

E

p
|a, p⟩

| i, p + ℏk1⟩

|b, p + ℏ(k1 − k2)⟩

k1 k2 k2
keff = k1 − k2

 is absorbed


  stimulated emission

k1

k2

 Momentum conservation:

keff = 2ke1



Actually: more coupled states
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Detuning with excited state :   Δlaser,state

2-photon detuning: δ = (ω1 − ω2) − (ωb − ωa)

Single photon Rabi frequency: ℏΩL,j = ⟨j |dejEL |e⟩k1, ω1 k2, ω2

Δ

Δ1,b

Δ2,a

|e1⟩
|e2⟩

|e3⟩

Raman transitions

|Ψ(t)⟩ = γae−iωa,pt |a, p⟩ + γbe−iωb,p+2ℏkt |b, p + 2ℏk⟩ + γ1e
−iωe,p+ℏk1

t |e1⟩ + γ2e
−iωe,p+ℏk2

t |e2⟩ + γ3e
−iωe,p+ℏ2k+k1

t |e3⟩

Coupling between 2 (ground) + 3 (excited) momentum states

E

p
δ

Ω1,b

Ω2,a
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Notions d’interférométrie atomique 31

Par ailleurs, les désaccords des lasers par rapport aux niveaux excités (figure 2.2) sont
définis par :

� = !1 � (!e � !a)

�2ae = !2 � (!e +

�
~p + ~~k2

�2

2M
� !a) ' �� !SHF

�1be = !1 � (!e +

�
~p + ~(~k1 + ~keff)

�2

2M
� !b) ' � + !SHF

� = (!1 � !2)� (!b � !a)

(2.6)

Evolution des deux niveaux effectifs

L’évolution de la fontion d’onde est régie par l’équation de Schrödinger qui permet d’ob-
tenir un système d’équations différentielles linéaires pour les coefficients �↵ :

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

�̇a = � i

2

�
⌦⇤

1ae
ei�tei�1�e1 + ⌦⇤

2ae
ei�2aetei�2�e2

�

�̇b = � i

2

�
⌦⇤

1be
ei�1betei�1�e3 + ⌦⇤

2be
ei(���)tei�2�e1

�

�̇e1 = � i

2

�
⌦1aee�i�1aete�i�1�a + ⌦2bee�i(���)te�i�2�b

�

�̇e2 = � i

2⌦2aee�i�2aete�i�2�a

�̇e3 = � i

2⌦1bee�i�1bete�i�1�b

(2.7)

Pour calculer l’évolution des deux niveaux fondamentaux utilisé dans l’interféromètre,
on utilise une approximation1 appelée élimination adiabatique, qui consiste à supposer les
échelles de temps d’évolution des états excités |ei beaucoup plus courtes que celles des états
fondamentaux. Nous pouvons donc calculer l’évolution des coefficients �e, en considérant
�a et �b constants (�e suit adiabatiquement les coefficients �a et �b) dans les trois dernières
équations du système 2.7 :

1Le système d’équations 2.7 peut être résolu de manière exacte lorsque la différence de fréquence entre les
deux lasers Raman est telle que � = (!1 � !2) � !SHF = 0 [Brewer 1975], c’est-à-dire lorsque la transion à
deux photons est résonante. Néanmoins du fait de la dispersion en impulsion du nuage d’atomes il apparaît une
dispersion en � via le désaccord Doppler, dont il faut tenir compte lors de l’analyse des séparatrices atomiques.

Raman transitions
VAL = − ℏ( |e⟩⟨a | + |a⟩⟨e |) ⋅ (

Ω1j

2
eik1rei(ω1t+ϕ1) +

Ω2j

2
eik2rei(ω2t+ϕ2)) + h . c .

😥  From Schrodinger equation we obtain 5 coupled ODEs:

A. Gauguet PhD thesis (2008)



Raman transitions
Two very different timescales: Adiabatic elimination
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∼ Δ−1

|Δ | ≫ Ωli

Large detuning: : Fast variables|e⟩

: Slow variables|g⟩ ∼ Ω−1
eff

Integrate  considering  constant and insert  in ODEs for ·γe γa,b γe(t) γa,b

For a thorough discussion of adiabatic elimination: E. Brion et al., Adiabatic elimination in a lambda system (2007)

32 2.1 Transitions Raman

�e1 =
⌦1ae

2�
�ae�i(�t+�1) +

⌦2be

2(�� �)
�be�i((���)t+�2)

�e2 =
⌦2ae

2�2ae

�ae�i(�2aet+�2)

�e3 =
⌦1be

2�1ae

�be�i(�1bet+�1)

(2.8)

L’élimination des amplitudes �e des niveaux intermédiaires conduit à des équations cou-
plées pour les amplitudes �a et �b des deux niveaux fondamentaux. Afin de mettre en évidence
l’évolution d’un système à deux niveaux dans un champ externe effectif, on introduit les no-
tations suivantes :

!eff = !1 � !2 (2.9)
~keff = ~k1 � ~k2 (2.10)

�eff = �1 � �2 (2.11)

⌦eff =
⌦⇤

1ae
⌦2be

4�
(2.12)

⌦DL

a
=

|⌦1ae|2

4�
+

|⌦2ae|2

4(�� !SHF )
(2.13)

⌦DL

b
=

|⌦1be|2

4(� + !SHF )
+

|⌦2be|2

4�
(2.14)

Ainsi, en remplaçant les amplitudes �e (équation 2.8), dans les deux premières équations
de 2.7, l’évolution des coefficients �a et �b se ramène effectivement à un système de deux
équations différentielles couplées, qui s’écrit avec les notations précédentes :

8
><

>:

�̇a = �i⌦DL

a
�a � iei�tei�eff⌦eff�b

�̇b = �i⌦DL

b
�b � ie�i�te�i�eff⌦⇤

eff�a

(2.15)

Le système d’équations obtenu est analogue à celui décrivant l’évolution d’un atome à
deux niveaux [Ramsey 1950] {|a, ~p i, |b, ~p + ~keffi} en interaction avec une onde électro-
magnétique effective de pulsation !eff, de vecteur d’onde ~keff et de phase effective �eff. Le
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Par ailleurs, les désaccords des lasers par rapport aux niveaux excités (figure 2.2) sont
définis par :

� = !1 � (!e � !a)

�2ae = !2 � (!e +
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2M
� !b) ' � + !SHF
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(2.6)

Evolution des deux niveaux effectifs

L’évolution de la fontion d’onde est régie par l’équation de Schrödinger qui permet d’ob-
tenir un système d’équations différentielles linéaires pour les coefficients �↵ :

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

�̇a = � i

2

�
⌦⇤

1ae
ei�tei�1�e1 + ⌦⇤

2ae
ei�2aetei�2�e2

�

�̇b = � i

2

�
⌦⇤

1be
ei�1betei�1�e3 + ⌦⇤

2be
ei(���)tei�2�e1

�

�̇e1 = � i

2

�
⌦1aee�i�1aete�i�1�a + ⌦2bee�i(���)te�i�2�b

�

�̇e2 = � i

2⌦2aee�i�2aete�i�2�a

�̇e3 = � i
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(2.7)

Pour calculer l’évolution des deux niveaux fondamentaux utilisé dans l’interféromètre,
on utilise une approximation1 appelée élimination adiabatique, qui consiste à supposer les
échelles de temps d’évolution des états excités |ei beaucoup plus courtes que celles des états
fondamentaux. Nous pouvons donc calculer l’évolution des coefficients �e, en considérant
�a et �b constants (�e suit adiabatiquement les coefficients �a et �b) dans les trois dernières
équations du système 2.7 :

1Le système d’équations 2.7 peut être résolu de manière exacte lorsque la différence de fréquence entre les
deux lasers Raman est telle que � = (!1 � !2) � !SHF = 0 [Brewer 1975], c’est-à-dire lorsque la transion à
deux photons est résonante. Néanmoins du fait de la dispersion en impulsion du nuage d’atomes il apparaît une
dispersion en � via le désaccord Doppler, dont il faut tenir compte lors de l’analyse des séparatrices atomiques.

Raman transitions

A. Gauguet PhD thesis (2008)
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L’élimination des amplitudes �e des niveaux intermédiaires conduit à des équations cou-
plées pour les amplitudes �a et �b des deux niveaux fondamentaux. Afin de mettre en évidence
l’évolution d’un système à deux niveaux dans un champ externe effectif, on introduit les no-
tations suivantes :

!eff = !1 � !2 (2.9)
~keff = ~k1 � ~k2 (2.10)

�eff = �1 � �2 (2.11)
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Ainsi, en remplaçant les amplitudes �e (équation 2.8), dans les deux premières équations
de 2.7, l’évolution des coefficients �a et �b se ramène effectivement à un système de deux
équations différentielles couplées, qui s’écrit avec les notations précédentes :
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eff�a
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Le système d’équations obtenu est analogue à celui décrivant l’évolution d’un atome à
deux niveaux [Ramsey 1950] {|a, ~p i, |b, ~p + ~keffi} en interaction avec une onde électro-
magnétique effective de pulsation !eff, de vecteur d’onde ~keff et de phase effective �eff. Le

Consider  constantγa,b

Adiabatic elimination:
  ODEs :  only !  { ·γa,b} γa,b



Multi-photon transitions
Raman coupling
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32 2.1 Transitions Raman
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L’élimination des amplitudes �e des niveaux intermédiaires conduit à des équations cou-
plées pour les amplitudes �a et �b des deux niveaux fondamentaux. Afin de mettre en évidence
l’évolution d’un système à deux niveaux dans un champ externe effectif, on introduit les no-
tations suivantes :

!eff = !1 � !2 (2.9)
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Ainsi, en remplaçant les amplitudes �e (équation 2.8), dans les deux premières équations
de 2.7, l’évolution des coefficients �a et �b se ramène effectivement à un système de deux
équations différentielles couplées, qui s’écrit avec les notations précédentes :
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Le système d’équations obtenu est analogue à celui décrivant l’évolution d’un atome à
deux niveaux [Ramsey 1950] {|a, ~p i, |b, ~p + ~keffi} en interaction avec une onde électro-
magnétique effective de pulsation !eff, de vecteur d’onde ~keff et de phase effective �eff. Le

Effective 2-level system

ωeff = ω1 − ω2

keff = k1 − k2

ϕeff = ϕ1 − ϕ2
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Ω2
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4Δ
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k2, ω2

E

p

|a, p⟩
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(ωeff, keff, ϕeff)

δ

Ωeff

·γa = − iΩLS
a γa − ieiδteiϕeffΩeffγb

·γb = − iΩLS
b γb − ie−iδte−iϕeffΩ∗

effγa
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 Disadvantages:  

• Internal states can lead to biais (B, LS, …), 


• Large Momentum Transfer 
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Atom optics
Single and multi-photon process

Single photon
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C.J Bordé, Matter-Wave Interferometers: a synthetic approach, (1997)



Bragg transitions
1st order transition
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p

E

k1, ω1

k2, ω2

|Ψ⟩ = α |p⟩ + β |p + 2ℏk⟩eiφrf(t)

Bragg coupling = Raman transitions between 
momentum states of the same internal state.

Higher momentum states are closed to the 2 
photon resonance.

Resonance condition :

 Bragg regime weak coupling: 


 Needs sub-recoil ensemble: 

Ω ≪ δ+ = 16ωR

σp ≪ ℏk

δ = (ω1 − ω2) − 2kv − 4ωR
δ+

p p + 2ℏk



Rabi oscillations in Bragg regime

|p⟩
|p + ℏk⟩

II. Diffraction de Bragg

Régime de Bragg: couplage entre 2 états 
d’impulsion du même état interne
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avec "% = ./ − .+ et 

A résonance (01= 0):

"% = 2.2 + 4.5 où  6ω8 = ℏk+/2m
ω= = p?k/m

(pulsation de recul)
(pulsation Doppler) p
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Bragg transitions
High order p → p + 2nℏk
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II. Régime de Bragg à l’ordre n 
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Diffraction d’ordre n: 

• Oscillation de Rabi entre les 2 états 
d’impulsion | "# > et | "# + 2'ℏ) >
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Pour des ordres de diffraction élevés,  *+,, ↘
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2 ≫ /ms !

|Ψ⟩ = α |p⟩ + β |p + 2nℏk⟩eiφrf(t)

 High order coupling = 2n-photons transition.

Difficult in the Bragg regime

Resonance condition : δ = (ω1 − ω2) − 2kv − 4nωR

n = 3 → τ > 200 μs

 Bragg regime:  Ω ≪ 16ωR

 Effective coupling order n is weak
τint ≫

2n(n − 1)!2

8(n − 1)n



Smooth evolution of the pulse amplitude
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Quasi-Bragg transitions

Short pulse duration.

Complex dynamics.

Long pulse duration.

« Rabi » type evolution.

Gaussian pulse.

|0⟩

|6ℏk⟩

The two-level model is not readily applicable  



⃗k1, ω1
⃗k2, ω2

Periodicity: 


Lattice motion : 
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Optical lattice = periodic potential created by light

Counter-propagating laser beams = Spatially periodic intensity pattern

Quasi-Bragg transitions



 Ĥ =
̂p2

2m
− 2ℏΩ cos2(k ̂z − ϕ(t)) =

̂p2

2m
− ℏΩ(e2ik ̂z + e−2ik ̂z)

Counter-propagating laser beams = Spatially periodic intensity pattern

⃗k1, ω1
⃗k2, ω2

Light shift creates periodic potential for atoms 

Periodicity: 


Lattice motion : 

λ
2

=
π
k

v =
ω2 − ω1

2k

Optical lattice = periodic potential created by light

e−2ik ̂z |p⟩ = |p + 2ℏk⟩

couple atomic states 
differing by 2ℏk

Quasi-Bragg transitions



Optical lattice eigenstates 
|Ψ(n, q)⟩ = ∑

j

c(n)
j |p + 2jℏk⟩Eigenstates = Bloch states

 Tridagonal matrix:


 Diagonalization of H leads to Band Energy diagram 

⟨q + 2jℏk |H |q + 2l′￼ℏk⟩ =
(q + 2jℏk)2

2M
δj,j′￼+

ℏΩ
2

δl′￼,l±1
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Quasi-Bragg transitions



Optical lattice Band energy diagram
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Optical lattice Band gap vs lattice depth

quasi-momentum 
q

ℏk
-1 -1

En
er

gy

3ER

0ER

Lattice depth

Ei
ge

nv
al

ue
s

Quasi-Bragg transitions



Long pulse
| − n⟩ =

1

2 ( |Ψn,q + |Ψn−1,q⟩) 1- Initial state t= 0

1

 2 - Adiabatic following 1

2 ( |Ψn,q⟩ + |Ψn−1,q⟩eiΦR)

 3 - Measurement |mℏk⟩⟨mℏk |

Time

1

2 2’

1’

ΦR

|Ψn,q⟩

|Ψn−1,q⟩

ΦR = ∫
E+ − E−

ℏ
dtRabi phase

Quasi-Bragg transitions



| − n⟩ =
1

2 ( |Ψn,q + |Ψn−1,q⟩) 1- Initial state t= 0

1

 2 - Adiabatic following 1

2 ( |Ψn,q⟩ + |Ψn−1,q⟩eiΦR)

 3 - Measurement |mℏk⟩⟨mℏk |

|p⟩
|p + ℏk⟩

ΦR = ∫
E+ − E−

ℏ
dtRabi phase

Time

1

2 2’

1’

ΦR

|Ψn,q⟩

|Ψn−1,q⟩

Long pulse
Quasi-Bragg transitions
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Quasi-Bragg transitions

Landau-Zener transitions act as 
Beam-Splitters within the lattice 

Quasi-Bragg pulse itself can be seen 
as a (Stückelberg) interferometer. 

Stückelberg fringes

Lattice diffraction is multi-  by nature ‼ℏk

Bragg states

Unwanted states

Short pulse



High order Quasi-Bragg
Achieving diffraction orders greater than a few tens is difficult.

99

II. Diffraction de Bragg à l’ordre n 

0 ~k
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Pulse ! pour différents ordres de diffraction avec un profil gaussien

n=1

n=2

n=3

n=4

n=5

n=6
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P=0.95

P=0.7

"# ≥ %. '

State of the Art  : Müller et al. PRL 100, 180405 (2008).30ℏk



Large Momentum Transfer Atom Optics
LMT based on a beam splitter followed by coherent acceleration

Proposal for  using 3 successive -pulses

C.J. Bordé et al. AIP Proceeding (1993)


« We believe that there are no serious barriers to realization of momentum 
transfers greater than . »


J.M. McGuirk et al. Large Area Light-Pulse Atom interferometry PRL (2000)
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black holes were discussed in Section 4.3, while Section 4.4 discussed possible synergies in searches
for new physics. As examples of the possible synergies, Fig. 11 illustrates the potential sensitivity of
a 1-km atom interferometer to the mergers of intermediate-mass black holes that would have played
key roles in the assembly of supermassive black holes, Fig. 12 illustrates the complementarity of atom
interferometer searches for ultralight dark matter to current constraints from measurements of black
hole spins, and Fig. 13 illustrates the sensitivities of large atom interferometers to exotic compact
objects.

5 Technology Overview

In this Section we summarize the status of the core atomic physics technologies needed to reach
the target sensitivities for TVLBAI science. As described below, reaching the sensitivity required
for gravitational wave detection will require a number of technological advances, chiefly associated
with atom optics and the reduction of the noise associated with atom detection. Table 3 lists the
current state-of-the-art for key performance metrics, along with the targets needed in each area to
move towards a full-scale terrestrial gravitational wave detector. The technology development path
will involve improving the pulse e�ciency of large momentum transfer (LMT) atom optics, developing
atom sources with increased flux at low temperatures, and integrating spin squeezing to reduce atom
shot noise.

The first part of this section (Sec. 5.1) describes the use of LMT atom optics using additional laser
pulses to enhance the beam separation and thus the sensitivity of atom interferometers. Clock atom
interferometry, in particular, is highlighted as a technique that takes advantage of narrow transitions
commonly used in atomic clocks. The use of these single photon transitions for atom optics enables
improved common-mode suppression of laser frequency noise over long baselines and supports high
pulse e�ciencies, making it valuable for gravitational wave detection and dark matter searches.

The second part of this section (Sec. 5.2) focuses on LMT atom interferometers based on Bragg
di↵raction and Bloch oscillations. It emphasizes the importance of understanding and controlling
di↵raction phases and ine�ciencies in these processes, and references the recent developments in
theoretically modelling and characterizing these e↵ects in order to suppress them. The final part of
the section addresses the atom source technologies relevant to gravitational wave detectors based on
atom interferometry. It discusses the increased atomic flux requirements needed to reach the targeted
strain sensitivity, and how this compares to the current state of the art. Additionally, the control of
external degrees of freedom of the atomic ensemble is highlighted as crucial for minimizing statistical
and systematic errors.

Table 3. State-of-the art performance of key sensor technologies and their improvement targets for a full-scale

terrestrial detector. The sensitivity enhancement is stated relative to current instruments.

Sensor Technology State-of-the-art Target Enhancement

LMT atom optics 10
2 ~k 10

4 ~k 100

Matter-wave lensing 50 pK 5pK –

Laser Power 10W 100W –

Spin squeezing 20 dB (Rb), 0 dB (Sr) 20 dB (Sr) 10

Atom flux 10
5
atoms/s (Rb) 10

7
atoms/s (Sr) 10

Baseline length 10m 1000m 100

– 26 –
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Light-pulse Atom Interferometry
Large Momentum Transfer
Single photon transition Two-photon Raman transition 

Optical lattice Bloch-Type acceleration Optical lattice Sequence of Bragg pulses

momentum separation between the interferometer arms.
While previous two-photon interferometers with state-of-
the-art momentum transfer have generally relied on ultra-
cold and quantum degenerate atoms [40], we show that this
new type of interferometer accepts microkelvin temperature
ensembles from a magneto-optical trap (MOT) without
reducing the pulse efficiency. Since no additional cooling
or velocity selection techniques are required, this has the
potential to increase the number of atoms in LMT inter-
ferometers by orders of magnitude, further improving the
sensitivity of shot-noise-limited sensors.
We prepare typical samples of 107 strontium atoms via a

dual-stage MOTon the blue 461 nm transition, followed by
the red 689 nm transition [41]. The red MOT light is
generated by an external cavity diode laser that is cavity
stabilized to a linewidth of ≈1 kHz. Two independent
interferometry beams are derived from this same laser
source, which is amplified by a tapered amplifier to allow
for 100 mW of optical power per beam. Each beam is
focused through a pinhole to clean its spatial mode and has
a 1.5 mm waist at the location of the atoms, approximately
10 times larger than the typical rms radius of the atom
ensembles of 160 μm. Polarizers ensure that the polariza-
tion of the horizontal interferometry beams is aligned
parallel to a vertical magnetic bias field to resonantly drive
1S0-3P1ðm ¼ 0Þ transitions [see Fig. 1(a)]. We use a bias
field amplitude of 10 G to further suppress unwanted
excitations to m ¼ $1 Zeeman sublevels.
The interferometry pulse shapes and amplitudes are

produced by a nanosecond programmable pulse generator,
fast rf switches, and independent single-pass acousto-
optical modulators (AOMs) for each of the two beams.
We achieve a typical π-pulse duration of 161 ns and Rabi
frequency of 3.11 MHz. Thanks to the high pulse band-
width, the laser frequency is held constant throughout
the interferometry sequence, even as the atom velocity
changes. Despite the significant rms Doppler width of
24 kHz at an ensemble temperature of 3 μK, we reach π-
pulse efficiencies of ð98.9$ 0.2Þ%, inferred from the
exponential decay of the Rabi oscillation amplitude [see
Fig. 1(b)]. Note that the observed peak normalized excited
state population is reduced because some excited state
atoms decay during the Tpush ¼ 2 μs push pulse at the end
of the sequence. This pulse, from a laser beam resonant
with the 461 nm transition, imparts momentum to atoms in
the ground state, which leads to a vertical separation of the
states after 5 ms time of flight prior to detection. By the
time the atoms are illuminated for fluorescence imaging on
that same transition, all excited state atoms have decayed to
the ground state. Images are formed on a CMOS camera
using a 1∶1 imaging system in the horizontal plane, at an
angle of 45° relative to the interferometry beams.
The LMT clock atom interferometry sequences are

structured as follows [see Fig. 1(c)]. After an initial π=2
beamsplitter pulse, successive π pulses are applied from

alternating directions, using one interferometry beam at a
time [22]. Because of the high Rabi frequency, each π pulse
interacts with both interferometer arms, toggling the atomic
state in each arm and increasing the momentum separation
by a net 2 ℏk. After the maximum momentum separation is
reached, a second set of alternating π pulses reverses the
relative velocity between the arms. A third set of π pulses
decelerates the atoms such that a final π=2 pulse can close
the interferometer. Thus, an Nℏk interferometer consists of
(2N − 1) π pulses, where N is the LMT order. We use a
pulse spacing of 275 ns, limited by the pulse generator.
We realize Mach-Zehnder interferometers with a

momentum separation varying from 1 ℏk to 141 ℏk, with-
out added interrogation time T. The overall phase of the
interferometer signal can be scanned by independently
adjusting the phase of the first beamsplitter pulse, leading
to a sinusoidal response of the normalized excited state

(a)

(c)

(b)

FIG. 1. (a) Experimental setup. Two independent, horizontal
interferometry beams (dark gray and light gray) interact with the
atoms one at a time, from alternating directions. The beams are
linearly polarized parallel to the applied magnetic bias field B⃗.
A vertical push beam (blue) separates the atomic states for
fluorescence imaging (inset). (b) A typical Rabi oscillation of the
normalized 3P1 excited state population, with a Rabi frequency of
3.11 MHz and a π-pulse efficiency of 98.9%. (c) Example LMT
interferometer space-time diagram (top) and associated pulse
sequence (bottom). The alternating pulses from the left beam
(dark gray) and the right beam (light gray) interact with both arms
of the interferometer, transferring momentum and toggling the
atom between the ground (blue) and excited (red) states. The
pulses are distributed over three zones, separated by the inter-
rogation time T, in between which the direction of momentum
transfer is reversed. A push pulse occurs at the end of the
sequence.
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As shown in the energy-level diagram in Fig. 1(b), each
atom optics pulse generates a two-photon Raman transition
between alkali-metal hyperfine ground states j3i and j4i,
separated by energy ℏωHFS. The transition is produced by
counterpropagating optical frequencies ω1 and ω2, with
two-photon detuning δ and one-photon detuningΔ, defined
with respect to an excited state jii. To improve the atomic
coherence during LMT, we use augmentation pulses based
on frequency-swept ARP with Raman transitions [24]. In
direct analogy to ARP methods from nuclear magnetic
resonance, Raman ARP in an effective two-level system
inverts the population with high fidelity by slowly sweep-
ing the Raman detuning δ through resonance [25,26]. As
seen on the Bloch sphere in Fig. 1(c), the Bloch vector p̂
adiabatically follows the Raman drive field ~Ωgen when
_θ ≪ Ωgen. Here, Ωgen ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2 þ Ω2

eff

p
determines the rate of

precession of p̂ about ~Ωgen, andΩeff is the magnitude of the
two-photon Rabi rate. We control θ by varying δ and Ωeff .
We emphasize that interferometry with adiabatic transfer

based on STIRAP [14] fundamentally differs from the
frequency-swept ARP approach used here, as STIRAP
relies solely on optical intensity modulation with δ ¼ 0 and
Δ ≈ 0 [27]. In practical terms, STIRAP is ill-suited to our
interferometer, since it would cause half the atoms to
spontaneously emit during each augmentation pulse and
significantly decrease sensitivity [23].
In the adiabatic limit, frequency-swept ARP imprints a

dynamic phase γ ¼ #
R
dtΩgenðtÞ=2 onto the atom wave

packet with a sign that depends on the internal state label
[26]. Since augmentation pulses act simultaneously on both
internal states—one in each intereferometer arm—every
ARP adds a phase with magnitude j2γj to the interferometer
output. The dependence of γ on optical intensity can create
decoherence when the spatial intensity pattern varies across

the atom sample. Our interferometer, however, maintains
coherence because pairs of identical ARPs nearly cancel
the dynamic phase imprinted on a particular wave packet.
This cancellation, or “rephasing,” is efficient when beam
splitter augmentation pulses occur in rapid succession. A
cold atom in this case traverses just a few microns between
pulses and thus avoids large-scale spatial intensity varia-
tion. A quantitative evaluation of dynamic phase is pro-
vided below, as part of the discussion of experimental
interferometry results.
To produce laser cooled atom samples, we used the

apparatus described in Ref. [24]. Each measurement began
with the loading of ∼106 133Cs atoms into a MOT.
Polarization gradient cooling reduced the sample temper-
ature to 9 μK. Prior to interferometry, about 90% of the
atoms were optically pumped to the j6 2S1=2; F ¼ 4; mF ¼
0i upper clock state and then transferred to the
j6 2S1=2; F ¼ 3; mF ¼ 0i lower clock state with a micro-
wave π pulse. A pusher beam removed the remaining 10%
of atoms from the interaction region. Following the
interferometer pulse sequence, we measured the atom
population in each clock state by sampling the laser
induced fluorescence f3, f4 from each hyperfine ground
state with a photodiode. The interferometer phase was
then extracted from the normalized F ¼ 4 population,
f4=ðf3 þ f4Þ.
Two injection-locked Fabry-Perot slave lasers produced

Raman frequencies ω1 and ω2. Both lasers were seeded by
a master external cavity diode laser, whose output was
phase modulated by an electro-optic modulator (EOM)
driven at ∼9 GHz. The EOM produced optical frequency
sidebands spaced about the carrier by integer multiples of
the driving frequency. Each slave laser received roughly
100 μW of optical power from the phase-modulated master
and was tuned to predominantly amplify either the carrier
or the negative first-order frequency sideband. In addition,
the master laser was red detuned from the j6 2S1=2; F ¼
3i → j6 2P3=2; F ¼ 4i transition by −3.9 GHz to reduce
spontaneous emission. The two Raman frequencies
were delivered to the vacuum cell with separate polariza-
tion-maintaining optical fibers. The fiber outputs were
collimated to 1=e2 intensity diameters of 7.1 mm, were
crossed-linearly polarized with 1” polarization beamsplit-
ting cubes, and counterpropagated along a common axis
that was aligned to within #0.5° of vertical.
Agile control of the Raman detuning was achieved

through the rf signal delivered to the EOM. The rf was
produced by mixing the 30-MHz output of a
625megasamples=s arbitrary waveform generator with a
constant ∼9-GHz signal using a single-sideband mixer.
During an interferometer sequence, the Raman frequency
difference was chirped at #23 kHz=ms to continually
match the Doppler-shifted Raman resonance in a 1 g
environment. The upward or downward orientation of
keff determined the sign of the chirp rate. A combination

(a) (b)

(c)

FIG. 1 (color online). (a) Diagram of pulse timings and wave-
packet trajectories for Mach-Zehnder interferometers with 2ℏk,
6ℏk, and 10ℏk atom optics. Augmentation pulses (A) are either
Raman π or ARP pulses. (b) Stimulated Raman transition
coupling the ground states in a Λ system. (c) Bloch sphere
depiction of frequency-swept adiabatic rapid passage, with poles
corresponding to alkali-metal clock states.
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Atom interferometry with coherent enhancement of Bragg pulse sequences.

A. Béguin, T. Rodzinka, L. Calmels, B. Allard, and A. Gauguet⇤

Laboratoire Collisions Agrégats Réactivité, UMR 5589, FERMI, UT3,
Université de Toulouse, CNRS, 118 Route de Narbonne, 31062 Toulouse CEDEX 09, France

We report here on the realization of light-pulse atom interferometers with Large-momentum-
transfer atom optics based on a sequence of Bragg transitions. We demonstrate momentum splitting
up to 200 photon recoils in an ultra-cold atom interferometer. We highlight a new mechanism
of destructive interference of the losses leading to a sizeable e�ciency enhancement of the beam
splitters. We perform a comprehensive study of parasitic interferometers due to the inherent multi-
port feature of the quasi-Bragg pulses. Finally, we experimentally verify the phase shift enhancement
and characterize the interferometer visibility loss.

Introduction - The demonstrations of matter wave in-
terferometers provided a real breakthrough in the exper-
imental studies of quantum physics, until then limited
to thought-experiments. Using their low mass, interfer-
ometers based on neutron di↵raction have demonstrated
interferometers with a large path separation, typically
few centimeters [1]. Neutron interferometry was used
for a large number of critical tests in quantum mechan-
ics [1, 2]. However, the limited interaction times and
the low neutron flux limit the metrological performances
in terms of sensitivity. In contrast, ultra-cold atoms al-
low longer interaction times and remarkable phase sen-
sitivities, but only few experiments have demonstrated
large scale atom interferometers [3]. Increasing the sepa-
ration between the interferometer paths will further im-
prove the sensitivity of inertial sensors [4–8], and fun-
damental tests such as the equivalence principle [9–15],
quantum electrodynamics [16, 17], and searches for dark
matter and energy [18–22]. In addition, large scale atom
interferometers enable the measurements of Aharanov-
Bohm analogues [23–25] and investigate the fundamental
principles of quantum physics and its relation to gravity
[26–29]. Therefore, increasing the number of photon re-
coils transferred to atoms, with the so-called Large Mo-
mentum Transfer beam splitters (LMT), is a major goal
in atom interferometry. Various approaches have been
demonstrated, most of them create a superposition of
two momentum states using a first di↵raction pulse fol-
lowed by an acceleration of each state using continuous
Bloch oscillations [30–33] or acceleration based on pulse
sequences, either with multi-photon transitions [34–38],
or single optical photon transitions [39, 40]. Each of these
solutions has its own advantages that strongly depend on
the considered applications and atomic species. So far,
atom interferometers with momentum transfer up to 400
photon recoil (h̄k) have been demonstrated with Bloch
oscillations in Rb [33], and single photon transitions in
Sr [40].

In this letter, we demonstrate phase stable atom inter-
ferometers with a maximum momentum separation up
to 200h̄k, the largest so far with sequential multi-photon
transitions. Other multi-photon methods use smooth
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FIG. 1. Space-time trajectories for a 8-h̄k-interferometer.
The three long red lattices are the di↵racting ⇡/2 � ⇡ � ⇡/2
pulses of a standard Mach–Zehnder atom interferometer. The
arm separation is increased with sequences of N ⇡-pulses sep-
arated by a time tc, acting only on a single arm (short red
arrow). Due to imperfect ⇡-pulses, loss channels (dashed and
dotted lines) can induce parasitic interferometers. The lower
panel shows the pulse train of the optical lattice and the hy-
perbolic tangent amplitude profile used for every pulse.

amplitude profiles to guarantee the adiabaticity of Bragg
transitions [41–43] and long times between pulses to avoid
parasitic interferometers. Here, we implement a rapid se-
quence of pulses realizing series of diabatic couplings. In
this regime, we report an e�ciency enhancement based
on destructive interferences between loss channels yield-
ing a significant increase of the interferometer visibility.
In addition, we study the impact of parasitic interferome-
ters on the visibility estimation. Finally, we demonstrate
the phase sensitivity enhancement using LMT interfer-
ometer up to 200h̄k.

Experimental setup - We use a Mach-Zehnder inter-
ferometer based on sequences of Bragg pulses (Fig.1).
The atomic path is split by a beam splitter sequence, the
resulting paths are deflected with mirror pulses and the
two paths interfere on a second beam splitter sequence.
The beam splitter sequence consists in a ⇡/2-pulse, fol-
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splitter, where the wave packets have been accelerated up to a
differential momentum of K= 1008ℏk with a Bloch efficiency of
99.87% per recoil. Presently, the transferred number of photon
recoils is limited solely by the free-fall time and laser power
available in our apparatus.

In the interferometer, the accelerated wave packets evolve
freely for 200 μs, before their motion is first slowed down via BOs
to ±4ℏk, then inverted via successive DBD and again accelerated
via BOs. After a second free evolution of 200 μs, the velocities of
the wave packets are reduced to ±4ℏk to recombine them via the
last DBD process resulting in three output ports with mean
momenta of ±2ℏk and 0ℏk showing interferences. In total, the
free evolution of the wave packets and their interaction with the
light pulses amount to a duration of 2T= 12.1 ms.

The signal of our twin-lattice interferometer is defined as the
normalized number of atoms detected in the output ports p=
(N+2ℏk+N−2ℏk)/(N+2ℏk+N−2ℏk+N0ℏk), where N±2ℏk are the
atom numbers with ±2ℏk and N0ℏk with 0ℏk momentum. The
absorption images at the bottom of Fig. 2 show the output ports
for two experimental realizations where the wave packets in the
interferometer have had a momentum splitting of K= 48ℏk or
408ℏk, respectively.

Contrast analysis. We evaluate the contrast of our interferometer
statistically as described in detail in “Methods.” As illustrated in
Fig. 3, the measured interference contrast C (black dots) clearly
decreases with an increasing number of transferred momenta.
Confirmed by simulations, we attribute the contrast loss to two
main effects.

The first effect stems from atom losses arising during DBD and
BOs. On the one hand, atoms that have not been Bragg diffracted
to the desired momentum states, and therefore have not
performed BOs, still give rise to an offset signal in the number
of detected atoms. On the other hand, losses during BOs remove

atoms from the interferometer and reduce the number of
coherent atoms. To increase the relative momentum K, we apply
larger accelerations during BOs causing increased Landau–Zener
losses. Both loss mechanisms lead to a reduced contrast of about
C= 0.35 for K= 408ℏk (green diamonds, Supplementary sec-
tions 2 and 3).

The second cause for the contrast reduction is dephasing due
to an imperfect Gaussian beam profile (Supplementary Fig. 1 and
section 4). Such perturbations result, for example, from light
diffraction on an edge of the atom chip and induce spatially
variable dipole forces along the two interferometer arms.
Different atomic trajectories according to the ensemble’s spatial
distribution in combination with path-dependent dipole forces
lead to a spatially varying phase across the wave packets38–40 and
give rise to a loss of contrast (red triangles). Combining the
models for atom loss and dephasing processes (orange pentagons)
enables us to match the observed contrast. We base our analysis
of the beam profile on a model assuming a mere clipping of the
twin-lattice beams at one edge of the chip. Hereby, the relative
magnitude of the intensity perturbations represents the only free
fitting parameter. The results in Fig. 3 have been obtained with a
value equal to 9% of the twin-lattice depth, which is compatible
with the measured beam profile. The effect of wavefront errors on
the contrast loss is expected to be smaller by a factor of ten40.

In our simulation, the loss of contrast critically depends on the
wave packet size (Supplementary Fig. 2). The twin-lattice
interferometer, therefore, benefits from the small spatial extent
of our delta-kick-collimated BEC, exhibiting Thomas–Fermi radii

Fig. 3 Contrast analysis. Experimental (black circles) and theoretical
contrast C of our twin-lattice interferometer in dependence of relative
momentum K for a laser beam waist of 3.75mm. We assume two effects
dominantly contributing to the observed loss of contrast: The first is atom
loss due to nonadiabatic transitions (green diamonds). The second effect is
a local inhomogeneous dipole force due to light field distortions (red
triangles). Combining the simulation of both effects (orange pentagons)
leads to a reasonable agreement with the experimental observations.
According to our model, a non-collimated BEC (open violet circles) would
suffer more strongly from light field distortions and exhibit a significantly
lower contrast due to its larger cloud size. Since we assumed equal atom
losses for DBD and BOs as for the collimated cloud, this presents an upper
bound for the contrast. The shaded areas represent confidence intervals of
the simulation, determined by atom number and lattice depth uncertainty.
The error of the experimental data is obtained by the standard error of the
Gaussian fit in Fig. 6 and lies below the marker size for most of the data
points. The blue square shows a measurement, where the contrast has
been improved by reducing the twin-lattice beam waist, and, hence, spatial
distortions of the twin-lattice beam due to diffraction at the atom chip.

Fig. 2 Twin-lattice scheme and sequence. Space-time trajectories of the
wave packets during the interferometer depicted for momentum transfers
of K= (24, 128, 208, 408)ℏk (black, blue, red, green) with distances given
relative to the release point. Below: absorption images of the interferometer
output ports for K= 48ℏk and 408ℏk after 35.5 ms of free fall. Right:
temporal sequence of the twin-lattice laser power and the relative
momentum K in the interferometer. DBD is driven by Gaussian-shaped
pulses of 37.5 μs width. BOs for acceleration and deceleration are realized
via a linear frequency ramp of 2 ms with 200 μs of loading and unloading
time. For contrast analysis, the free-evolution time in the second half is
modified by δT with respect to the first half.
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Light-pulse Atom Interferometry
Large Momentum Transfer
Single photon transition Two-photon Raman transition 

Optical lattice Bloch-Type acceleration Optical lattice Sequence of Bragg pulses

momentum separation between the interferometer arms.
While previous two-photon interferometers with state-of-
the-art momentum transfer have generally relied on ultra-
cold and quantum degenerate atoms [40], we show that this
new type of interferometer accepts microkelvin temperature
ensembles from a magneto-optical trap (MOT) without
reducing the pulse efficiency. Since no additional cooling
or velocity selection techniques are required, this has the
potential to increase the number of atoms in LMT inter-
ferometers by orders of magnitude, further improving the
sensitivity of shot-noise-limited sensors.
We prepare typical samples of 107 strontium atoms via a

dual-stage MOTon the blue 461 nm transition, followed by
the red 689 nm transition [41]. The red MOT light is
generated by an external cavity diode laser that is cavity
stabilized to a linewidth of ≈1 kHz. Two independent
interferometry beams are derived from this same laser
source, which is amplified by a tapered amplifier to allow
for 100 mW of optical power per beam. Each beam is
focused through a pinhole to clean its spatial mode and has
a 1.5 mm waist at the location of the atoms, approximately
10 times larger than the typical rms radius of the atom
ensembles of 160 μm. Polarizers ensure that the polariza-
tion of the horizontal interferometry beams is aligned
parallel to a vertical magnetic bias field to resonantly drive
1S0-3P1ðm ¼ 0Þ transitions [see Fig. 1(a)]. We use a bias
field amplitude of 10 G to further suppress unwanted
excitations to m ¼ $1 Zeeman sublevels.
The interferometry pulse shapes and amplitudes are

produced by a nanosecond programmable pulse generator,
fast rf switches, and independent single-pass acousto-
optical modulators (AOMs) for each of the two beams.
We achieve a typical π-pulse duration of 161 ns and Rabi
frequency of 3.11 MHz. Thanks to the high pulse band-
width, the laser frequency is held constant throughout
the interferometry sequence, even as the atom velocity
changes. Despite the significant rms Doppler width of
24 kHz at an ensemble temperature of 3 μK, we reach π-
pulse efficiencies of ð98.9$ 0.2Þ%, inferred from the
exponential decay of the Rabi oscillation amplitude [see
Fig. 1(b)]. Note that the observed peak normalized excited
state population is reduced because some excited state
atoms decay during the Tpush ¼ 2 μs push pulse at the end
of the sequence. This pulse, from a laser beam resonant
with the 461 nm transition, imparts momentum to atoms in
the ground state, which leads to a vertical separation of the
states after 5 ms time of flight prior to detection. By the
time the atoms are illuminated for fluorescence imaging on
that same transition, all excited state atoms have decayed to
the ground state. Images are formed on a CMOS camera
using a 1∶1 imaging system in the horizontal plane, at an
angle of 45° relative to the interferometry beams.
The LMT clock atom interferometry sequences are

structured as follows [see Fig. 1(c)]. After an initial π=2
beamsplitter pulse, successive π pulses are applied from

alternating directions, using one interferometry beam at a
time [22]. Because of the high Rabi frequency, each π pulse
interacts with both interferometer arms, toggling the atomic
state in each arm and increasing the momentum separation
by a net 2 ℏk. After the maximum momentum separation is
reached, a second set of alternating π pulses reverses the
relative velocity between the arms. A third set of π pulses
decelerates the atoms such that a final π=2 pulse can close
the interferometer. Thus, an Nℏk interferometer consists of
(2N − 1) π pulses, where N is the LMT order. We use a
pulse spacing of 275 ns, limited by the pulse generator.
We realize Mach-Zehnder interferometers with a

momentum separation varying from 1 ℏk to 141 ℏk, with-
out added interrogation time T. The overall phase of the
interferometer signal can be scanned by independently
adjusting the phase of the first beamsplitter pulse, leading
to a sinusoidal response of the normalized excited state

(a)

(c)

(b)

FIG. 1. (a) Experimental setup. Two independent, horizontal
interferometry beams (dark gray and light gray) interact with the
atoms one at a time, from alternating directions. The beams are
linearly polarized parallel to the applied magnetic bias field B⃗.
A vertical push beam (blue) separates the atomic states for
fluorescence imaging (inset). (b) A typical Rabi oscillation of the
normalized 3P1 excited state population, with a Rabi frequency of
3.11 MHz and a π-pulse efficiency of 98.9%. (c) Example LMT
interferometer space-time diagram (top) and associated pulse
sequence (bottom). The alternating pulses from the left beam
(dark gray) and the right beam (light gray) interact with both arms
of the interferometer, transferring momentum and toggling the
atom between the ground (blue) and excited (red) states. The
pulses are distributed over three zones, separated by the inter-
rogation time T, in between which the direction of momentum
transfer is reversed. A push pulse occurs at the end of the
sequence.
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As shown in the energy-level diagram in Fig. 1(b), each
atom optics pulse generates a two-photon Raman transition
between alkali-metal hyperfine ground states j3i and j4i,
separated by energy ℏωHFS. The transition is produced by
counterpropagating optical frequencies ω1 and ω2, with
two-photon detuning δ and one-photon detuningΔ, defined
with respect to an excited state jii. To improve the atomic
coherence during LMT, we use augmentation pulses based
on frequency-swept ARP with Raman transitions [24]. In
direct analogy to ARP methods from nuclear magnetic
resonance, Raman ARP in an effective two-level system
inverts the population with high fidelity by slowly sweep-
ing the Raman detuning δ through resonance [25,26]. As
seen on the Bloch sphere in Fig. 1(c), the Bloch vector p̂
adiabatically follows the Raman drive field ~Ωgen when
_θ ≪ Ωgen. Here, Ωgen ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2 þ Ω2

eff

p
determines the rate of

precession of p̂ about ~Ωgen, andΩeff is the magnitude of the
two-photon Rabi rate. We control θ by varying δ and Ωeff .
We emphasize that interferometry with adiabatic transfer

based on STIRAP [14] fundamentally differs from the
frequency-swept ARP approach used here, as STIRAP
relies solely on optical intensity modulation with δ ¼ 0 and
Δ ≈ 0 [27]. In practical terms, STIRAP is ill-suited to our
interferometer, since it would cause half the atoms to
spontaneously emit during each augmentation pulse and
significantly decrease sensitivity [23].
In the adiabatic limit, frequency-swept ARP imprints a

dynamic phase γ ¼ #
R
dtΩgenðtÞ=2 onto the atom wave

packet with a sign that depends on the internal state label
[26]. Since augmentation pulses act simultaneously on both
internal states—one in each intereferometer arm—every
ARP adds a phase with magnitude j2γj to the interferometer
output. The dependence of γ on optical intensity can create
decoherence when the spatial intensity pattern varies across

the atom sample. Our interferometer, however, maintains
coherence because pairs of identical ARPs nearly cancel
the dynamic phase imprinted on a particular wave packet.
This cancellation, or “rephasing,” is efficient when beam
splitter augmentation pulses occur in rapid succession. A
cold atom in this case traverses just a few microns between
pulses and thus avoids large-scale spatial intensity varia-
tion. A quantitative evaluation of dynamic phase is pro-
vided below, as part of the discussion of experimental
interferometry results.
To produce laser cooled atom samples, we used the

apparatus described in Ref. [24]. Each measurement began
with the loading of ∼106 133Cs atoms into a MOT.
Polarization gradient cooling reduced the sample temper-
ature to 9 μK. Prior to interferometry, about 90% of the
atoms were optically pumped to the j6 2S1=2; F ¼ 4; mF ¼
0i upper clock state and then transferred to the
j6 2S1=2; F ¼ 3; mF ¼ 0i lower clock state with a micro-
wave π pulse. A pusher beam removed the remaining 10%
of atoms from the interaction region. Following the
interferometer pulse sequence, we measured the atom
population in each clock state by sampling the laser
induced fluorescence f3, f4 from each hyperfine ground
state with a photodiode. The interferometer phase was
then extracted from the normalized F ¼ 4 population,
f4=ðf3 þ f4Þ.
Two injection-locked Fabry-Perot slave lasers produced

Raman frequencies ω1 and ω2. Both lasers were seeded by
a master external cavity diode laser, whose output was
phase modulated by an electro-optic modulator (EOM)
driven at ∼9 GHz. The EOM produced optical frequency
sidebands spaced about the carrier by integer multiples of
the driving frequency. Each slave laser received roughly
100 μW of optical power from the phase-modulated master
and was tuned to predominantly amplify either the carrier
or the negative first-order frequency sideband. In addition,
the master laser was red detuned from the j6 2S1=2; F ¼
3i → j6 2P3=2; F ¼ 4i transition by −3.9 GHz to reduce
spontaneous emission. The two Raman frequencies
were delivered to the vacuum cell with separate polariza-
tion-maintaining optical fibers. The fiber outputs were
collimated to 1=e2 intensity diameters of 7.1 mm, were
crossed-linearly polarized with 1” polarization beamsplit-
ting cubes, and counterpropagated along a common axis
that was aligned to within #0.5° of vertical.
Agile control of the Raman detuning was achieved

through the rf signal delivered to the EOM. The rf was
produced by mixing the 30-MHz output of a
625megasamples=s arbitrary waveform generator with a
constant ∼9-GHz signal using a single-sideband mixer.
During an interferometer sequence, the Raman frequency
difference was chirped at #23 kHz=ms to continually
match the Doppler-shifted Raman resonance in a 1 g
environment. The upward or downward orientation of
keff determined the sign of the chirp rate. A combination

(a) (b)

(c)

FIG. 1 (color online). (a) Diagram of pulse timings and wave-
packet trajectories for Mach-Zehnder interferometers with 2ℏk,
6ℏk, and 10ℏk atom optics. Augmentation pulses (A) are either
Raman π or ARP pulses. (b) Stimulated Raman transition
coupling the ground states in a Λ system. (c) Bloch sphere
depiction of frequency-swept adiabatic rapid passage, with poles
corresponding to alkali-metal clock states.
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Atom interferometry with coherent enhancement of Bragg pulse sequences.

A. Béguin, T. Rodzinka, L. Calmels, B. Allard, and A. Gauguet⇤

Laboratoire Collisions Agrégats Réactivité, UMR 5589, FERMI, UT3,
Université de Toulouse, CNRS, 118 Route de Narbonne, 31062 Toulouse CEDEX 09, France

We report here on the realization of light-pulse atom interferometers with Large-momentum-
transfer atom optics based on a sequence of Bragg transitions. We demonstrate momentum splitting
up to 200 photon recoils in an ultra-cold atom interferometer. We highlight a new mechanism
of destructive interference of the losses leading to a sizeable e�ciency enhancement of the beam
splitters. We perform a comprehensive study of parasitic interferometers due to the inherent multi-
port feature of the quasi-Bragg pulses. Finally, we experimentally verify the phase shift enhancement
and characterize the interferometer visibility loss.

Introduction - The demonstrations of matter wave in-
terferometers provided a real breakthrough in the exper-
imental studies of quantum physics, until then limited
to thought-experiments. Using their low mass, interfer-
ometers based on neutron di↵raction have demonstrated
interferometers with a large path separation, typically
few centimeters [1]. Neutron interferometry was used
for a large number of critical tests in quantum mechan-
ics [1, 2]. However, the limited interaction times and
the low neutron flux limit the metrological performances
in terms of sensitivity. In contrast, ultra-cold atoms al-
low longer interaction times and remarkable phase sen-
sitivities, but only few experiments have demonstrated
large scale atom interferometers [3]. Increasing the sepa-
ration between the interferometer paths will further im-
prove the sensitivity of inertial sensors [4–8], and fun-
damental tests such as the equivalence principle [9–15],
quantum electrodynamics [16, 17], and searches for dark
matter and energy [18–22]. In addition, large scale atom
interferometers enable the measurements of Aharanov-
Bohm analogues [23–25] and investigate the fundamental
principles of quantum physics and its relation to gravity
[26–29]. Therefore, increasing the number of photon re-
coils transferred to atoms, with the so-called Large Mo-
mentum Transfer beam splitters (LMT), is a major goal
in atom interferometry. Various approaches have been
demonstrated, most of them create a superposition of
two momentum states using a first di↵raction pulse fol-
lowed by an acceleration of each state using continuous
Bloch oscillations [30–33] or acceleration based on pulse
sequences, either with multi-photon transitions [34–38],
or single optical photon transitions [39, 40]. Each of these
solutions has its own advantages that strongly depend on
the considered applications and atomic species. So far,
atom interferometers with momentum transfer up to 400
photon recoil (h̄k) have been demonstrated with Bloch
oscillations in Rb [33], and single photon transitions in
Sr [40].

In this letter, we demonstrate phase stable atom inter-
ferometers with a maximum momentum separation up
to 200h̄k, the largest so far with sequential multi-photon
transitions. Other multi-photon methods use smooth
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FIG. 1. Space-time trajectories for a 8-h̄k-interferometer.
The three long red lattices are the di↵racting ⇡/2 � ⇡ � ⇡/2
pulses of a standard Mach–Zehnder atom interferometer. The
arm separation is increased with sequences of N ⇡-pulses sep-
arated by a time tc, acting only on a single arm (short red
arrow). Due to imperfect ⇡-pulses, loss channels (dashed and
dotted lines) can induce parasitic interferometers. The lower
panel shows the pulse train of the optical lattice and the hy-
perbolic tangent amplitude profile used for every pulse.

amplitude profiles to guarantee the adiabaticity of Bragg
transitions [41–43] and long times between pulses to avoid
parasitic interferometers. Here, we implement a rapid se-
quence of pulses realizing series of diabatic couplings. In
this regime, we report an e�ciency enhancement based
on destructive interferences between loss channels yield-
ing a significant increase of the interferometer visibility.
In addition, we study the impact of parasitic interferome-
ters on the visibility estimation. Finally, we demonstrate
the phase sensitivity enhancement using LMT interfer-
ometer up to 200h̄k.

Experimental setup - We use a Mach-Zehnder inter-
ferometer based on sequences of Bragg pulses (Fig.1).
The atomic path is split by a beam splitter sequence, the
resulting paths are deflected with mirror pulses and the
two paths interfere on a second beam splitter sequence.
The beam splitter sequence consists in a ⇡/2-pulse, fol-
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splitter, where the wave packets have been accelerated up to a
differential momentum of K= 1008ℏk with a Bloch efficiency of
99.87% per recoil. Presently, the transferred number of photon
recoils is limited solely by the free-fall time and laser power
available in our apparatus.

In the interferometer, the accelerated wave packets evolve
freely for 200 μs, before their motion is first slowed down via BOs
to ±4ℏk, then inverted via successive DBD and again accelerated
via BOs. After a second free evolution of 200 μs, the velocities of
the wave packets are reduced to ±4ℏk to recombine them via the
last DBD process resulting in three output ports with mean
momenta of ±2ℏk and 0ℏk showing interferences. In total, the
free evolution of the wave packets and their interaction with the
light pulses amount to a duration of 2T= 12.1 ms.

The signal of our twin-lattice interferometer is defined as the
normalized number of atoms detected in the output ports p=
(N+2ℏk+N−2ℏk)/(N+2ℏk+N−2ℏk+N0ℏk), where N±2ℏk are the
atom numbers with ±2ℏk and N0ℏk with 0ℏk momentum. The
absorption images at the bottom of Fig. 2 show the output ports
for two experimental realizations where the wave packets in the
interferometer have had a momentum splitting of K= 48ℏk or
408ℏk, respectively.

Contrast analysis. We evaluate the contrast of our interferometer
statistically as described in detail in “Methods.” As illustrated in
Fig. 3, the measured interference contrast C (black dots) clearly
decreases with an increasing number of transferred momenta.
Confirmed by simulations, we attribute the contrast loss to two
main effects.

The first effect stems from atom losses arising during DBD and
BOs. On the one hand, atoms that have not been Bragg diffracted
to the desired momentum states, and therefore have not
performed BOs, still give rise to an offset signal in the number
of detected atoms. On the other hand, losses during BOs remove

atoms from the interferometer and reduce the number of
coherent atoms. To increase the relative momentum K, we apply
larger accelerations during BOs causing increased Landau–Zener
losses. Both loss mechanisms lead to a reduced contrast of about
C= 0.35 for K= 408ℏk (green diamonds, Supplementary sec-
tions 2 and 3).

The second cause for the contrast reduction is dephasing due
to an imperfect Gaussian beam profile (Supplementary Fig. 1 and
section 4). Such perturbations result, for example, from light
diffraction on an edge of the atom chip and induce spatially
variable dipole forces along the two interferometer arms.
Different atomic trajectories according to the ensemble’s spatial
distribution in combination with path-dependent dipole forces
lead to a spatially varying phase across the wave packets38–40 and
give rise to a loss of contrast (red triangles). Combining the
models for atom loss and dephasing processes (orange pentagons)
enables us to match the observed contrast. We base our analysis
of the beam profile on a model assuming a mere clipping of the
twin-lattice beams at one edge of the chip. Hereby, the relative
magnitude of the intensity perturbations represents the only free
fitting parameter. The results in Fig. 3 have been obtained with a
value equal to 9% of the twin-lattice depth, which is compatible
with the measured beam profile. The effect of wavefront errors on
the contrast loss is expected to be smaller by a factor of ten40.

In our simulation, the loss of contrast critically depends on the
wave packet size (Supplementary Fig. 2). The twin-lattice
interferometer, therefore, benefits from the small spatial extent
of our delta-kick-collimated BEC, exhibiting Thomas–Fermi radii

Fig. 3 Contrast analysis. Experimental (black circles) and theoretical
contrast C of our twin-lattice interferometer in dependence of relative
momentum K for a laser beam waist of 3.75mm. We assume two effects
dominantly contributing to the observed loss of contrast: The first is atom
loss due to nonadiabatic transitions (green diamonds). The second effect is
a local inhomogeneous dipole force due to light field distortions (red
triangles). Combining the simulation of both effects (orange pentagons)
leads to a reasonable agreement with the experimental observations.
According to our model, a non-collimated BEC (open violet circles) would
suffer more strongly from light field distortions and exhibit a significantly
lower contrast due to its larger cloud size. Since we assumed equal atom
losses for DBD and BOs as for the collimated cloud, this presents an upper
bound for the contrast. The shaded areas represent confidence intervals of
the simulation, determined by atom number and lattice depth uncertainty.
The error of the experimental data is obtained by the standard error of the
Gaussian fit in Fig. 6 and lies below the marker size for most of the data
points. The blue square shows a measurement, where the contrast has
been improved by reducing the twin-lattice beam waist, and, hence, spatial
distortions of the twin-lattice beam due to diffraction at the atom chip.

Fig. 2 Twin-lattice scheme and sequence. Space-time trajectories of the
wave packets during the interferometer depicted for momentum transfers
of K= (24, 128, 208, 408)ℏk (black, blue, red, green) with distances given
relative to the release point. Below: absorption images of the interferometer
output ports for K= 48ℏk and 408ℏk after 35.5 ms of free fall. Right:
temporal sequence of the twin-lattice laser power and the relative
momentum K in the interferometer. DBD is driven by Gaussian-shaped
pulses of 37.5 μs width. BOs for acceleration and deceleration are realized
via a linear frequency ramp of 2 ms with 200 μs of loading and unloading
time. For contrast analysis, the free-evolution time in the second half is
modified by δT with respect to the first half.
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• 2-level system optical transition

• Metastable excited state

• Resonant transition  -> Spont. Emission


• Rabi frequency 


• Demonstrated 


• Very high rate transfer: 

Ω ∼ MHz
400ℏk

∼ 0.1 μs/ℏk

Wilkason et al., Phys. Rev. Lett., 129, 183202 (2022) Rudolph et al., Phys. Rev. Lett. 124, 083604 (2020) 

• Effective 2-level system, 2 photons transition

• Ground states


• Rabi frequency 


• Demonstrated 


• High rate transfer: 

Ω ∼ 100kHz
30ℏk

∼ 2.5 μs/ℏk

Kotru et al., Phys. Rev. Lett., 115, 103001(2015) 

• multi-photon transitions - lattice states

• Ground state


• Rabi frequency 


• Demonstrated 


• Rate transfer: 

Ω ∼ 10kHz
> 400ℏk

∼ 6 μs/ℏk

Gebbe et al., Nat Commun, 12, 2544 (2021) 
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• multi-photon transitions - lattice states

• Ground state


• Rabi frequency 


• Demonstrated 


• High rate transfer: 

Ω ∼ 100kHz
600ℏk

∼ 2.5 μs/ℏk

Béguin et al., Phys. Rev. Lett., 131, 143401 (2023) 
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Experimental setup

 Critical Technical Challenges 

 Designed and Built in the Lab

 UHV chamber   mbar


 > 15 laser beams on the atoms


 Lasers (x6) frequency locks


 Vibration mitigation

10−11

Message for our theorist friends: Easy on Paper, Hard in the Lab



Experimental Setup
Vertical optical lattice 

Vertical optical lattice: 
 Amplitude and phase of the lattice with AOM 


 Anti-g chirp  → free fall frame


 Vibration at low frequency (0.01 - 1 Hz) :  pm


 Retroreflected configuration 
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Experimental Sequence

Position space image

Time of Flight

|Ψ⟩ = ∑ cn |p + 2nℏk⟩
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Large Momentum Transfer: 1st idea

Beam splitter made with multiple -pulses.π
Constant detuning for each pulse
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Beam splitter made with multiple -pulses.π
Constant detuning for each pulse

Long pulses to keep ℏΩ ≪ ΔE
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1st idea: Sequence of independant pulsesπ−
Large Momentum Transfer: 1st idea



Beam splitter made with multiple -pulses.π
Constant detuning for each pulse

Long pulses to keep ℏΩ ≪ ΔE
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1st idea: Sequence of independant pulsesπ−
Large Momentum Transfer: 1st idea



  III. Sequential Bragg 

The idea : Beam splitter made with  
multiple 𝑛𝑛 = 1 accelerating (mirror) pulses   
 
→ High individual efficiency 
→ Minimal non-adiabatic losses 

N = 1 

N = 17 

2ℏ𝑘𝑘 

2ℏ𝑘𝑘 
2ℏ𝑘𝑘 2ℏ𝑘𝑘 

S.-w. Chiow et al. Phys. Rev. Lett. 107, 130403 (2011) 

24 

 Velocity selection: requires ultra-cold source (pK) 


 Low acceleration (typ. )1ms/ℏk

Time

Long pulses to keep 
ℏΩ ≪ ΔE

Beam splitter made with multiple -pulses.π
Constant detuning for each pulse

1st idea: Sequence of independant pulsesπ−
Large Momentum Transfer: 1st idea



Short pulses: How can we manage coupling to unwanted states ?

Short pulses  
Non-adiabatic losses = coherent losses
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  II. Quasi-Bragg Regime 

Perturbative regime,  Ω ≪ 8𝜔𝜔𝑟𝑟 High Ω, short 𝜏𝜏 

In between two approximations … 

Kinetic energy neglected Two-level approximation 14 

ℏΩ

Large Momentum Transfer: 2nd idea



Fast train pulses 

Small spatial separation Λ = 2vRtc ≪ ξ =
ℏ

mσv

Losses interfere destructively:  

P∣N−2⟩ ≈ 2ϵ2[1 + cos(π + 4ωRtc)]

Toy model Béguin et al. Phys. Rev. Lett., 131, 143401, (2023) 
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  II. Quasi-Bragg Regime 

Perturbative regime,  Ω ≪ 8𝜔𝜔𝑟𝑟 High Ω, short 𝜏𝜏 

In between two approximations … 

Kinetic energy neglected Two-level approximation 14 

Coherent Enhancement of Bragg Sequences

Short pulses  
Non-adiabatic losses = coherent losses

Short pulses: How can we manage coupling to unwanted states ?
Large Momentum Transfer: 2nd idea
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Higher efficiency & Faster transfer ?  

Time

Large Momentum Transfer: 2nd idea
Coherent Enhancement of Bragg Sequence: results



Optical lattice accelerations
Bloch acceleration = linear change of the lattice frequency

Pn+1 =
1
2

+
δ

δ2 + Ω2

Deep Lattice: more than 2 levels … 

F. FITZEK et al. PHYSICAL REVIEW RESEARCH 6, L032028 (2024)

FIG. 1. (a) Space-time diagram of a Mach-Zehnder LMT atom
interferometer consisting of two beam-splitter pulses (blue, BS) and
one mirror pulse (blue, M). Four sequences of BOs (orange, Bloch)
are used to sequentially accelerate and decelerate the arms of the
interferometer. (b) Pictorial representation of LMT Bloch pulse in
Bloch basis. (c) Pictorial representation of WS states |!α=0, ℓ=1⟩
(filled blue) and |!α=1, ℓ=0⟩ (filled orange) in tilted lattice potential
[see Eq. (1)]. (d) Lattice depth V0(t ) and acceleration aL (t ) vs time t
for an LMT Bloch pulse.

are adiabatically loaded into the comoving optical lattice with
peak lattice depth V0. Second, atoms and lattice undergo an
acceleration phase of duration T characterized by a peak
acceleration aL and a ramping time τramp. Finally, atoms are
unloaded from the optical lattice and will have experienced a
total momentum transfer of 2N h̄kL proportional to the num-
ber of BOs N = T/TB [28], where TB = 2h̄kL/maL denotes
the Bloch period.

We base our theoretical description on so-called Wannier-
Stark (WS) states |!α,ℓ⟩, which are (quasi-)bound eigenstates
of H (t ) [29,30],

H (t )|!α,ℓ(t )⟩ = [Eα,0(t ) + dℓmaL(t ) − i%α (t )/2]|!α,ℓ(t )⟩,
(2)

where ℓ denotes the lattice-site quantum number and α the
quantum number labeling the so-called αth WS ladder. The
eigenvalues are complex energies that depend on V0(t ) and
aL(t ). Their imaginary part %α (t ) represents a linewidth for
the αth WS ladder and describes tunneling losses [30]. As
illustrated in Fig. 1(c), atoms that are localized in the tilted
potential [see Eq. (1)] can undergo tunneling events until they
escape from the optical lattice. In this case they behave like
free particles represented by the infinite tail of WS states in
opposite direction of motion of the optical lattice. To compute
the complex WS energies in Eq. (2), a numerical routine
closely related to Floquet theory is required [27,31]. We gen-
eralize this method to incorporate the treatment of adiabatic
acceleration pulses, as depicted in Fig. 1(d), by developing an
energy-sorting algorithm based on an analytical approxima-
tion for WS energies Eα,l [23]. Figure 2(d) displays that %α (t )
depends nontrivially on aL(t ), exhibiting tunneling resonances
[30]. In contrast, the loss rate %B based on the LZ formula
shows a monotonous behavior, differing dramatically from
%0. The position of the tunneling resonances can be explained
by identifying crossings of the real part of the WS energies
between different WS ladders, as shown in Figs. 2(a)–2(c). In
the past, the properties and existence of the WS spectrum were
controversially discussed [29,32–34], and only after decades
of research efforts could a rigorous justification of the spectral

FIG. 2. (a)–(c) Tilted potential [see Eq. (1)] for accelerations
indicated in (d) and a lattice depth of V0 = 20 Er , including WS en-
ergies. Red arrows represent process of resonant tunneling between
different WS ladders. (d) Linewidth of WS ladders for V0 = 20 Er vs
peak acceleration aL . Solid lines show linewidths for the first three
WS ladders. Dashed line shows the linewidth for the fundamental
WS ladder predicted by the LZ formula [23].

properties of H (t ) be achieved [30]. Since then, WS states
have been used to analyze experiments of cold atoms in
accelerated optical lattices [11,26,27,31]. We advocate that
a model based on WS states is the adequate picture to de-
vise LMT Bloch pulses reaching their fundamental efficiency
limit.

To realize optimal LMT Bloch pulses we propose adia-
batic control of atoms in WS eigenstates. We first focus on
the dynamics under the adiabatic approximation. Figure 2(d)
demonstrates that due to the generally narrower linewidth, it is
advantageous to drive LMT Bloch pulses in the fundamental
WS ladder [35]. This observation holds for arbitrary lattice
depths [23] and has direct implications for the process of
loading atoms into the optical lattice, which we infer from
the properties of WS states for vanishing accelerations. In
this limit we make use of the single-band approximation
and neglect hopping processes to neighboring lattice sites,
resulting in |!α,ℓ⟩|aL=0 = |wα,ℓ⟩, where |wα,ℓ⟩ are Wannier
states of the Bloch band α localized at lattice site ℓ. Con-
sequently, only atoms loaded into the fundamental Bloch
band serve as a suitable initial condition for the acceleration
phase to minimize tunneling losses. This is achieved for an
atomic momentum distribution ϕ(p) that vanishes outside
the Brillouin zone [−h̄kL, h̄kL] and sufficiently long load-
ing times τload, as is common in state-of-the-art experiments
[1,2,12–14]. If these requirements are violated, atoms will
populate excited WS ladders and experience increased tun-
neling losses, as seen in Fig. 2(d). We apply the adiabatic
approximation during τload and find |ψ (τload )⟩ =

∑
ℓ gℓ|w0,ℓ⟩

with

gℓ =
∫ h̄kL

−h̄kL

dpϕ(p) e−i
∫ τload

0 dt ′E0[V0(t ′ ), p]/h̄eipdℓ/h̄, (3)

where E0(V0, p) are Bloch eigenenergies of H (t ) for vanishing
acceleration with a fixed lattice depth V0 and quasimomentum
p ∈ [−h̄kL, h̄kL]. Based on Eq. (2), we apply the adiabatic
approximation during the time T for Hamiltonians with a
discrete and nondegenerate complex spectrum [36–38]. As
long as there exists a finite complex energy gap between the
fundamental and excited WS states and for sufficiently small

L032028-2
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Wannier states

  II. Quasi-Bragg Regime 

Perturbative regime,  Ω ≪ 8𝜔𝜔𝑟𝑟 High Ω, short 𝜏𝜏 

In between two approximations … 

Kinetic energy neglected Two-level approximation 14 
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Shallow lattice: Adiabatic Rapid Passage between |p + 2nℏk⟩



Optical lattice accelerations
Can we have unify the Bloch and Bragg type approaches ?

Lattice shape is periodic in the 
accelerated frame
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Is there a state that follows this periodicity and is therefore 
stationary in an accelerated frame?

Periodic hamiltonian H(t0) = H(t0 + τ)

H̃(t) =
1

2m ( ̂p −
2m
2k

+ 2β) + ℏΩ cos(2k ̂z) + 2 ·β/ℏ



Large Momentum Transfer: à la Floquet
Stabilization in the accelerated frame

iℏ
d |Ψ⟩

dt
= Ĥ(t) |Ψ⟩ Propagator Û(τ, t0)

Spectral decomposition: Û(τ, t0) |wn⟩ = e−iϵn(τ−t0) |wn⟩ Floquet stateτ
|wn⟩ |wn⟩eiθn



Large Momentum Transfer: à la Floquet
Stabilization in the accelerated frame

iℏ
d |Ψ⟩

dt
= Ĥ(t) |Ψ⟩ Propagator Û(τ, t0)

Spectral decomposition: Û(τ, t0) |wn⟩ = e−iϵn(τ−t0) |wn⟩ Floquet stateτ
|wn⟩ |wn⟩eiθn

Defines the optimal accelerated state!

Stroboscopic stabilization at time  in the accelerated framemτ



The Floquet states  depend on the specific sequence |wn⟩

Time

Bragg sequence

Time

Bloch-type acceleration

Time

Any periodic driving

Periodic hamiltonian H(t0) = H(t0 + τ) Floquet states |wn⟩

Large Momentum Transfer: à la Floquet



Arbitrary but periodic in 
accelerated frame

Time

Numerical 


diagonalization of U

|w0⟩ = ∑
n

cn |2nℏk⟩

Example: square pulse π− τ = 5μs
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Large Momentum Transfer: à la Floquet
The Floquet states  depend on the specific sequence |wn⟩
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LMT Atomic Optics à la Floquet
Zoology of specific Floquet states
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Implementation of Floquet acceleration
State engineering
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(d) State of the fourth eigenvalue.

Figure 1: Coe�cients cn and Husimi representation for the first four eigenstates.
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Figure 2: Phase of Floquet states.

6.2 4⇡-pulse

In the adiabatic limit, � � 1, (here we choose a 4⇡-pulse), we notice that

the Floquet states correspond to the Bloch states | mi, m inN. We set here

3

 = highest projection onto the initial state|w0⟩

For a given lattice pulse Many states |wn⟩



Implementation of Floquet acceleration
State engineering

State-to-State preparation  |p0⟩ → |w0⟩
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Optimal Control Theory (OCT)
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(b) State of the second eigenvalue.
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Figure 1: Coe�cients cn and Husimi representation for the first four eigenstates.
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6.2 4⇡-pulse

In the adiabatic limit, � � 1, (here we choose a 4⇡-pulse), we notice that

the Floquet states correspond to the Bloch states | mi, m inN. We set here

3

 = highest projection onto the initial state|w0⟩

For a given lattice pulse many states |wn⟩



Optimal Control
Floquet acceleration sequence

Time

Time

Momentum (ℏk) Momentum (ℏk)

Free Fall Frame Acc. Frame

|p0⟩ |p0⟩|w0⟩ |w0⟩

AOM

AOMAOM



Floquet acceleration
Normalized atom number in the fully accelerated state

Fast LMT peak momentum transfer : 


 - 2.5 μs/ℏk aLMT ∼ 250g

Efficiency per  : 0.99973(5)ℏk

Limitations: 


spontaneous emission:  GHzΔ = 30
Momentum transferred [ℏk]

OC-1' OC-2'OC-1 OC-2

400 800 1200
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m

ai
ni

ng
 fr

ac
tio

n

Rodzinka et al. Nat Comm 15, 10281



Floquet acceleration
Fundamental losses

Alibabaei et al. arXiv:2602.00365v2

Û |wn⟩ = |wn⟩eiϵnτ/ℏ = |wn⟩e−i Enτ
ℏ e− Γnτ

2ℏ

ϵn = En − i
Γ
2

resonance feature for 
which the loss vanishes 



Floquet acceleration
Using Excited Floquet states ?
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6.2 4⇡-pulse

In the adiabatic limit, � � 1, (here we choose a 4⇡-pulse), we notice that

the Floquet states correspond to the Bloch states | mi, m inN. We set here
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6.2 4⇡-pulse

In the adiabatic limit, � � 1, (here we choose a 4⇡-pulse), we notice that

the Floquet states correspond to the Bloch states | mi, m inN. We set here

3

 Preparing excited Floquet states

Alibabaei et al. arXiv:2602.00365v2

Phase-sensitivity to Lattice 
depth fluctuations.



Large Momentum Transfer Atom Optics
Floquet-LMT-Interferometer
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Interference fringe scanning

 During K acceleration pulses, we add a 
laser phase jump 


 Signal: 


 We can adjust  to be sure that 
the detected fringes correspond to the 
LMT interferometer.

δϕ

∝ V sin(Kδϕ + ϕ0)

K = NF

δϕ



Large Momentum Transfer Atom Optics
Floquet-LMT-Interferometer

 LMT - Interferometer 


• limit = detection volume


 Visibility: 


• spontaneous emission


• pre-acceleration efficiency


• dephasing due to quasi-energy  

600ℏk

18% ± 4 %

ϵ(Ω)

Time

OC-1

OC-2

OC-1

OC-2

OC-1'

OC-2'

OC-1'

OC-2'

CEBS

CEBS

CEBS

CEBS

K

a

b

c

d

K = 289

K = 200

K = 100

Rodzinka et al. Nat Comm 15, 10281



LMT-interferometers

131

Impulsion 
Transférée (hk) Equipe Date

102 (Bragg) Stanford (M. Kasevich) 2011

112 (Bragg) Seattle (S. Gupta) 2018

240 (Bloch) Berkeley (H. Muller) 2020

408 (Bloch) Hanovre (E. Rasel) 2021

400 (1 photon) Stanford (J. Hogan) 2022

600 (Floquet) Toulouse (A. Gauguet) 2024

Floquet approach for sequential and continuous 
acceleration.


New QOCT implementation for navigating large 
Hilbert spaces.


Fast and very efficient LMT.


Demonstrates 600  atom interferometer.ℏk

spontaneous emission

5.2. INTERFÉROMÈTRE LMT : BRAGG - CEBS - ACCÉLÉRATION DE
FLOQUET

Figure 5.8 – Franges pour un interféromètre LMT de 600~k. Chaque point est la
mesure moyenne sur environ 10 réalisations et les barres d’erreur sont les erreurs
standard sur la moyenne. La ligne continue est un ajustement numérique sinusöıdal
des données.

Figure 5.9 – (a) Image moyenné des deux ports de sortie d’un interféromètre
avec une séparation en impulsion de 600~k. (b) Intégration horizontale et ajuste-
ment numérique avec deux gaussiennes et (c) intégration verticale et ajustement
numérique avec une gaussienne.

116

Rodzinka et al. Nat Comm 15, 10281

 - interferometer 600ℏk
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 5m BEC Fountain  time of flight 


 Large spatial separation (cm - m)


 Controlled Potential on the interferometer arms

→ ∼ 2 s

5 
m

z

t

V1

V2

Quantum phase shift

ΔϕAB = − ∫
V1(t) − V2(t)

ℏ
dt

A new machine



Metrology with Aharonov-Bohm phases

 Atom neutrality 

 Improvement x1000


 Particle physics


 Astrophysics
dm

 gravitational Aharonov-Bohm 

 Gravitational redshift with no-
force


 Newtonian constant G
U

z

2m

1m

A new approach to metrology that uses AB-phase shifts!

Long term focus



 Inertial sensors (Earth, space)


 Large scale, quantum metrology 
…

A century of matter waves

1923 1926

Helium diffraction 1929

electron diffraction 1927

de Broglie: « A stream of electron traversing a small 
aperture will show the phenomenon of diffraction. It 
is in this direction that one has probably to look for 
experimental confirmation of our ideas. » 

λ =
h
p

iℏ
∂Ψ(t, r)

∂t
= −

ℏ2

2m
ΔΨ(t, r) + V(r)Ψ(t, r)

1991
Carnal and Mlynek PRL 66 2689 

Keith, Ekstrom, Turchette, Pritchard PRL 66 2693

Riehle, Witte, Helmcke, Bordé PRL 67 177

Kasevich and Chu PRL 67 181

134

Precision in atom interferometers


BEC manipulation 
2000s

2010s
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  %       :

Light-pulse atom interferometer 

2014 laboratory sensor, atomic 
wavepackets  separate by 8 cm 
before interfering, 5e-13 g 
resolution* after 1 hr. 

1991 demonstration 
of an atom 
interferometer 
gravimeter 

Atoms imaged in middle of 
interferometer 

Interference at 
output 
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Quelques résultats

Séisme, Chine le 20 mars 
2008 (7.7)
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Excellent accord mesures-modèle de marée

Marées luni-solaires : ± 100 µGal 
(1 µGal = 10-8 m.s-2, ou ~10-9 g)

GW, New physics, Quantum sensing

 Progress in quantum engineering


Exciting projects, on Earth and in Space, 
will lead the research of new Physics
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