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Light-pulse Atom Interferometry
Large Momentum Transfer (LMT)
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C.J Bordé, Matter-Wave Interferometers: a synthetic approach, (1997)
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FIG. 1. Generalized beam splitter and Bragg condition. In the ideal case where the splitter is 

thick enough to have a narrow momentum distribution width Ak << k, because of energy and mo- 
mentum conservation, the incident particle interacts with only one of the two traveling waves and is 
diffracted from channel I to channel II (two-beam approximation). The labels I and II correspond pri- 
marily to a different momentum in each channel: p and p +-- hk but may include also secondary addi- 
tional labels such as the spin projection on a fixed axis or the quantum numbers corresponding to an 
internal state. 

that the process is still elastic (no extra energy is given to translation) and the 
Bragg condition results from the conservation of kinetic energy: 

kef f  9 (p + hkeff/2) = 0 (1) 

from which, the Bragg angle 08 is given by 

sin08 = hdB 
2Ae-~f. (2) 

where hda is the de Broglie wavelength and he f = 2-rr/kee e. 
The only condition required to have a large diffraction angle 0 8 is to have 

matched wavelengths AOB ~ A ff. In neutron interferometers, this matching re- 
sults from the short interatomic distance in the silicon crystal. In atom interfer- 
ometers, it can be obtained by an increase of AOB, which becomes comparable to 
an optical wavelength for cold atoms or, in the future, by using very short optical 
wavelengths in the case of atoms and molecules at ordinary (room) tempera- 
tures. If this is not the case, the two output channels I and II may not be fully re- 
solved in space, but for a number of applications, this is not an obstacle, since 
the extra-label of the internal state a,b may then be used to discriminate between 
I and II. It should be emphasized that the splitting in space occurs only because 
of momentum conservation, not because of a change in the internal state, al- 

Ea

Eb

p

E

p0 + ℏkeffp0

Coherent transfer of momentum from light-fields  to the atomic wave function.ℏkeff
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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 –

TVLBAI - roadmap: 

« 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)

10ℏk



A quick tour of LMT beam splitters
Requirements for Large Scale Interferometers
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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
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Large Momentum Transfer
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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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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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II. Régime de Bragg à l’ordre 1

Diffraction d’ordre 1: 

Oscillation de Rabi entre les 2 états d’impulsion 
| "# > et | "# + 2ℏ( > à la pulsation:
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Ω*++ = Ω#-/2∆

Oscillation de Rabi pour n=1 et Ω*++= 4ω2
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avec Ω# (couplage atome-champ à 1 photon)
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LMT: Bragg pulse sequence
Independent pulses: gaussian pulse

Numerical propagation:  & σp = 0.02ℏk Ω = 2ωr

 pulse width8σ

•Adiabatic condition : Long pulses


•Very low temperature < nK


• -interferometer needs few seconds> 1000ℏk

∼ 0.5s



LMT: Bragg pulse sequence 
Coherent Enhanced pulses

30 sμ
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|2#
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⟩
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Λ

Time
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ion

pulse-to-pulse per : 99%ℏk

pulse-to-pulse per : 99.6%ℏk

Independent pulse model

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

Short pulses and fast train pulses 
Non-adiabatic losses = coherent losses


Small spatial separation Λ = 2vRtc ≪ ξ =
ℏ

mσv

Losses interfere destructively:  

P∣N−2⟩ = 2ϵ2(1 + cos(π + 4ωRtc))

98% pulse-to-pulse efficiency

Higher efficiency ?


Faster transfer ?  



Stroboscopic stabilization in the accelerated frame
Optical Lattice with periodic driving

• Periodic driving in the accelerating frame 

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

Floquet Formalism



Stroboscopic stabilization in the accelerated frame
Floquet’s formalism

• Periodic driving in the accelerating frame 

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

Floquet Formalism

Diagonalization of the one-period propagator = Floquet states    with |wn(t)⟩ = |un(t)⟩eiθn |un(t + τ)⟩ = |un(t)⟩

|ψ(t)⟩ = ∑
n

cn |un(t)⟩eiθn|ψ(0)⟩ = ∑
n

cn |un⟩Initial state



Stroboscopic stabilization in the accelerated frame
Stabilization in the accelerated frame

Initial state prepared in a Floquet state


|ψ(0)⟩ = |wk⟩

|ψ(mτ)⟩ = |wk⟩eiθk

Stroboscopic stabilization 

Floquet states can be defined for any periodic sequence

The wave function is ideally 
transported in the accelerated frame.



State preparation |p0⟩ → |w0⟩
Quantum Optimal Control Theory

We choose the Floquet state  with the 
largest projection on 

|w0⟩
|p0⟩

OCT OCT

The complexity of Optimal Control LMT is encapsulated into the Floquet state

Hamiltonian with control: amplitude  and frequency  


Find the control fields , maximizing the figure of 
merit: 


Optimization procedure with QOCT and implemented with 
Gradient based method (here GRAPE) 

Ω(t) ωa(t)

{Ω(t), ωa(t)}
|⟨w0 |ψ(tf )⟩ |2

Ansel et al. arXiv: 2403.00532 



Robust preparation 
Initial statistical mixture

|p0⟩ → |w0(p0)⟩

A floquet state for each momentum of the distribution

momentum width σp [ℏk]
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non-robust
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Rodzinka et al. arXiv:2403.14337 

Simultaneous control for  = Robust against |w0(p0)⟩ p0

https://arxiv.org/abs/2403.14337


Robust preparation 
Initial statistical mixture
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|p0⟩ → |w0(p0)⟩

A floquet state for each momentum of the distribution
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|⟨ψ(τc) |w0(p0)⟩ |2 f(p0)dp0Figure of merit
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Simultaneous control for  = Robust against |w0(p0)⟩ p0

https://arxiv.org/abs/2403.14337


Floquet acceleration
Normalized atom number in the fully accelerated state
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Floquet acceleration
Normalized atom number in the fully accelerated state

Time

spontaneous emission

amplitude fluctuations

Fast LMT peak momentum transfer : 


2.5 μs/ℏk

Efficiency per  : 0.99945(5)ℏk

Limitations: 


spontaneous emission:  GHz


pulse-to-pulse fluctuations: 4.5 %

Δ = 40

Rodzinka et al. arXiv:2403.14337 

https://arxiv.org/abs/2403.14337


Floquet acceleration
Simulation to reach 10000 ℏk

0 2000 4000 6000 8000 10000
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1% pulse-to-pulse fluctuations
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Bloch-type acceleration
Constant amplitude and frequency in accelerated frame
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Figure 11: Same as Fig. 10 but for a linear ramp in ! during the acceleration
process.
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Figure 11: Same as Fig. 10 but for a linear ramp in ! during the acceleration
process.
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Étude complémentaire sur la robustesse par rapport à
l’amplitude du champ

Etienne Dionis

29 mars 2024

1 Transport adiabatique
Nous étudions l’état de Floquet associé à un pulse �(t) = 100, et !(t) = 2t

⌧ , avec ⌧ = 5.3 µs.
Dans ces conditions (figure 1 et 2), il correspond à l’état fondamental du réseau. On retrouve

ainsi un transfert adiabatique.

Notons que ce résultat reste valide pour tout contrôle d’aire égale.
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Figure 1 – Représentation de Husimi. (a) État de Floquet. (b) État fondamental du réseau.
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Figure 2 – (a) Module carré des coefficients cn. (b) Argument des coefficients cn. En bleu pour

l’état de Floquet, en vert pour l’état fondamental.

1

Optimal solution results in similar efficiency

For infinitely deep lattices, the Floquet state 
converges to the lattice ground state. 

Comparison with : 
Rahman et al. arXiv:2308.04134

Fitzek et al. arXiv:2306.09399 



LMT-Beam splitters
Pre-acceleration

b

a

...

CEBS
pre-acceleration

Upper arm

Lower arm
OC-1

Time

M
om
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 - pulse quasi-Bragg regime


11 CEBS pulses (40 )


Floquet acceleration: N pulses

π/2

μs

Total Momentum separation = (1 + 11 + N) × 2ℏk

Floquet states potentially have a large momentum expansion. This can interfere with the other 
arm during acceleration. Need for a pre-acceleration step.



LMT - Interferometer
600  - interferometerℏk
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Interferometer signal 
N1

N1 + N2
= A(1 + V sin(Δϕ))

Phase-shift scaling with lattice phase Δϕ = K × φl

Lattice phase imprinted on the atom at each 
momentum transfer 

Scan the fringes by incrementing  φl



LMT - Interferometer
600  - interferometerℏk

• LMT - Interferometer 


 limit = detection volume


• Visibility: 


 limit = spontaneous emission 
& pre-acceleration efficiency 

600ℏk

18% ± 4 %
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Rodzinka et al. arXiv:2403.14337 

K = 289

K = 200

K = 100

https://arxiv.org/abs/2403.14337


Conclusion & Discussion

• Floquet approach for sequential and 
continuous acceleration.


• New QOCT implementation for navigating 
large Hilbert spaces.


• Fast and very efficient LMT.


• Demonstrates 600 hk atom interferometer.

We believe that there are no serious barriers to realization of 
momentum transfers greater than .1000ℏk

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.
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Conclusion & Discussion

• Improving the beam splitting and pre-acc 


• Robust against lattice depth fluctuations


• Pulse Sequence Engineering


• More powerful and stable laser


• Metrology of LMT interferometer


• QOCT for Phase shifts robustness


• Phase shift measurements 

CHAPITRE 5. ACCÉLÉRATION DE FLOQUET POUR DES
INTERFÉROMÈTRES LMT

a b c

Figure 5.3 – (a) Population et (b) phase d’un état de Floquet dans la base
des impulsions pour une séquence de pulses rectangulaires de ⌧ = 5,3 µs. (c)
Représentation de Husimi.

en impulsion et il a la projection la plus élevée sur l’état d’impulsion initial |p0i. Cet
état de Floquet spécifique apparâıt en particulier pour un pulse ⇡ et dépend de la
forme temporelle du pulse. Pour une durée d’impulsion laser ⌧ su�samment courte,
cet état est très similaire à un état déplacé et comprimé dans l’espace des phases. La
figure 5.3.c en donne un exemple avec la représentation de Husimi [Husimi, 1940]
de l’état de Floquet. Le déplacement en position de l’état quantique résulte d’un
équilibre entre la force d’inertie �mal dans le référentiel accéléré et la force de
rappel due au réseau optique m!

2
osc�z, où !osc est la pulsation de l’oscillateur har-

monique associé et �z est la déplacement en position. À l’équilibre, en égalisant les
forces nous obtenons :

�z =
2~k
⌧

1

m!2
osc

. (5.2)

La pulsation de l’oscillateur peut être reliée à la profondeur adimensionnée � du
réseau par !osc = 8!r

p
� [Champenois et al., 2001a]. Les pulses sont choisies pour

la condition 8!r�⌧ = ⇡. Nous obtenons donc :

k�z =
1

2⇡
' 0,16 . (5.3)

Ce déplacement correspond à celui observé sur la figure 5.3.c.

L’e�cacité de l’accélération est grandement améliorée par l’ajout d’un pulse
de forme appropriée pour préparer l’état de Floquet. En pratique, cette impulsion
laser est conçue en utilisant l’OCT pour ajuster à la fois l’amplitude et la pulsa-
tion du réseau optique. Cette étape est réalisée avant (et à la fin) de la séquence
d’accélération et transforme l’état initial |p0i en l’état de Floquet correspondant |w0i
défini pour un pulse ⇡ de la séquence d’accélération (et vice versa). Les protocoles
de contrôle optimal correspondants sont désignés par (OC-1) et (OC-2) sur la figure
5.2. La même procédure est appliquée pendant la séquence de décélération.
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Figure 5 – Contrôle robuste par rapport à des variations constantes sur �. (a) Fidélité F1 en

fonction de ✏. (b) Argument de l’état final par rapport à l’état de Floquet cible, en fonction de

✏.
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Quasi-Bragg diffraction
High-order diffraction and Brute-Force Optimal Control 

Béguin et al., Phys. Rev. A, 105, 03302 (2022) 

Multiple loss path Gaussian pulse non-adiabatic vs velocity selection 



Quasi-Bragg diffraction
High-order diffraction and Brute-Force Optimal Control 

Béguin et al., Phys. Rev. A, 105, (2022) 

Multiple loss path Gaussian pulse non-adiabatic vs velocity selection 

Pulse shape based on Optimal Control Theory 

• Can we improve gaussian pulse with OCT ?


• Enhanced robustness to Doppler detuning, lattice depth, etc.


• Very hard to go beyond a few tens of  with a brute force numerical approach.ℏk

Louie et al 2023 New J. Phys. 25 083017 Saywell et al. Nat Commun 14, 7626 (2023).



LMT: Bragg pulse sequence 
Independent pulses: OCT pulses

Figure 4 – En haut, à gauche l’évolution de la population, à droite le contrôle �(t). En bas, à
gauche le contrôle '(t), à droite la robustesse du contrôle par rapport à p0.

6

Figure 4 – En haut, à gauche l’évolution de la population, à droite le contrôle �(t). En bas, à
gauche le contrôle '(t), à droite la robustesse du contrôle par rapport à p0.

6

Figure 5 – Fidélité moyenne à 3�p (�p = 0.1) ; en bleu pour le contrôle optimale, en rouge
celui du contrôle « Np37 TempsGammaFreq ».

7

• Experimental efficiency limited by detection

• Testing robustness ? 
• Comparison with gaussian pulse 8σ = 300 μs



Floquet state in phase space
A simple parameterization of |w0⟩

5.1. ACCÉLÉRATION DE FLOQUET

a

b

c

Figure 5.4 – Profils de contrôle optimal pour la préparation de l’état de Floquet.
(a) Profils d’amplitude et (b) de pulsation utilisés pour préparer l’état de Floquet
|w0i pour une séquence de pulses rectangulaires de période ⌧ = 5,3 µs. (c) Évolution
de l’état au cours de la séquence de préparation de l’OC-1 dans la représentation
de Husimi. L’état initial (pour t = 0) est l’onde plane |p0i. L’état de Floquet cible
|w0i est obtenu à t = 100 µs et est très similaire à un état comprimé déplacé dans
l’espace des phases.

La figure 5.2 illustre le principe de l’accélération de Floquet avec une séquence
de NF = 20 pulses tangentes hyperboliques, qui transfèrent 40~k. À chaque étape
de la séquence, une mesure par temps de vol permet de visualiser les états atomiques
sur la base des états d’impulsion |p0 + 2a~ki, avec a 2 Z. Dans la figure 5.2.d, les
di↵érents états sont a�chés dans le référentiel accéléré pour améliorer la lisibilité des
images. Nous observons bien la stabilisation stroboscopique de l’état |w0i, préparé
par le pulse OC-1, qui reste identique à lui même après 5, 10, 15 ou 20 pulses. L’état
d’impulsion pure, e�cacement accéléré, est lui même observé après OC-2.

L’état de Floquet |w0i peut être identifié pour di↵érents types d’impulsions laser :
des pulses de Bragg séquentiels, des accélérations continues (telles que des impulsions
rectangulaires adjacentes avec une fréquence constante dans le référentiel accéléré)
et une combinaisons de ces impulsions. Dans notre cas, nous utilisons une évolution
discrète de la pulsation et une évolution discrète (pulses tangentes hyperboliques) ou
continue (pulses rectangulaires adjacents) de l’amplitude. Les profils détaillés d’am-
plitude et de pulsation du réseau pour le pulse OC-1 sont présentés sur la figure 5.4
(pour l’obtention de l’état de Floquet associé à une séquence de pulses rectangulaires
de ⌧ = 5,3 µs). Notons que les profils pour le pulse OC-2 transformant l’état |!0i
en l’état d’impulsion pure accéléré sont très proches de la symétrie temporelle des
profils OC-1.
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Phase dispersion
QOCT allows non-dispersive phase
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Figure 8: Fidelity with respect to p0 of the optimal transfer from |0i to |w0i.
Panels (a) and (b) represent respectively the square modulus and the argument
of the scalar product h (⌧c)|w0(p0)i. The Floquet state is defined for a square
pulse of duration ⌧ = 5.3 µs. The optimal control strategies with F1 for �p = 0.1,
F1 for �p = 0.3 and F2 for �p = 0.3 are respectively plotted in dashed-green
line, dotted-orange line and solid-blue line.
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Phase shift vs Lattice depth
Fidelity and phase of the accelerated state
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 momentum transfer:20ℏk

Δγ
γ

= 10−6 → ∼ 1 mrad/1000ℏk

Can be improved with 
sequence engineering 


