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Electrical neutrality

Atom neutrality
qe + qp = 0 

qn = 0

Atom neutrality is not a request of the Standard Model of particles.

Electrical neutrality of atoms rests on experimental bases.  

C S Unnikrishnan and G T Gillies Metrologia 41 (2004) S125–S135 



Laboratory methods

These experiments “were done decades ago, and at the time were rather one-man shows. This is a
pity in view of the effort invested in other searches beyond the standard model”
Rev. Mod. Phys. 83, 1111 page 1131

Method q/qe (qp+qe)/qe qn/qe

Gas efflux (Piccard and Kessler, 1925) 5×10-21 x x
Gas efflux (Hillas and Cranshaw, 1959) 1×10-21 3×10-20 3×10-20

Acoustic resonator (Dylla and King, 1973) 1.3×10-21 x x
Acoustic resonator (Bressi 2011) 1.1×10-21 x x
Levitator (Marinelli and Morpurgo, 1984) 0.8×10-21 x x
Atomic beam (Hughes et al., 1988) 3×10-21 1.2×10-19 9×10-20

Neutron beam (Baumann et al., 1988) x x 1.1×10-21

From Bressi et al. PRA 83, 052101 (2011)

e-p asymetry and neutron charge < 10-21 e



Testing electrical neutrality
Constraints on the Electrical Charge Asymmetry of the Universe 10

Figure 1. This figure shows the limits on the charge fraction parameter y which
apply to a stochastic distribution of charge, as a function of the spectral index of the
induced magnetic field, for λ = 0.1h−1Mpc. The diagonally-shaded region represents
the exclusion region derived from nucleosynthesis constraints [35]; the vertically-
shaded region is excluded by CMB anisotropies [34]. Magnetic field constraints from
clusters [32] give a less restrictive bound, which is not shown in the figure. If the
process generating the charge is causal, then n ≥ 2.

n of the magnetic field. For every value of n, we have maximised (31) with respect to

the vorticity spectral index m, on which we have no theoretical prediction. Note that

the quantity shown in the y-axis,

y =
qX
e

(

ΩX

ΩB

mP

mX

)

(34)

is the charge fraction parameter ‘normalised’ to the case of ‘baryonic’ charge asymmetric

matter (as in Eq. (28)). If the process generating the charge and the magnetic field is
causal, e.g. it takes place during a phase of standard Friedmann expansion, then the

spectral index must satisfy n ≥ 2 [37]. In this case, the limits on qX are more stringent

than in the case in which the generation occurs during inflation.

5. Discussion

In this paper we have derived a cosmological constraint on the presence of a non-zero
electric charge in the universe. A conservation law associated with a long range force,

such as charge conservation with the electromagnetic force, is usually believed to be

exact as a result of gauge invariance. Conservation of charge appears to hold in all

particle decays, and there are strong experimental constraints on the charge of particles

which are predicted to be neutral by the standard model. However, even though electric

charge conservation is well established on Earth, this may not imply directly the overall

Caprini et al. JCAP (2005)
Sengupta Phys. Let. B (2000) 

Astro & Cosmology:
• Model dependent limits vary between 10-20 and 10-38 qe

Lab V.S. cosmological constraint on an electrically charged universe

Using limits on charge neutrality into contraints on the theory: Needs for 
phenomenological models.

Particles physics point of view:
• Atom neutrality is related to the electric charge quantization. Uniqueness of the 

charge for leptons and baryons implies, novel connection, «Beyond standard 
model » between the families of particles. 

• Charge neutrino from charge conservation in β-decay : n ! p+ e� + ⌫e
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Caprini et al. JCAP (2005)



Atomic measurements
Measuring Lorentz force:
• Atomic & molecular beam deflection method
• Atom interferometry: force measurements

Accuracy: residual polarisabilities effects, electric fields modeling
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Test of neutrality using Aharonov-Bohm effect

Voz.vMz 47 14 SEPTEMBER 1981 NvMsER 11

Is There an Aharonov-Bohm Effect for Neutrons?
Daniel M. Greenberger
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(H,eceived 3 June 1981)

A neutron interferometer experiment testing the existence of an Aharonov-Bohm effect
has been performed and no measurable phase shift has been found upon reversal of the
enclosed magnetic flux. A positive result would have provided evidence for a breakdown
in the standard minimal-coupling scheme for the electromagnetic interaction of a neutron.
The sensitivity of the experiment sets the ratio of the Aharonov-Bohm effect for a neutron
to that of a particle of charge e to be less than 5& 10

PACS numbers: 03.65.-w, 28.20,-v

For a charged particle, there are intrinsically
nonlocal effects produced by an electromagnetic
field. The Aharonov-Bohm (AB) effect' ' is a
striking demonstration of this phenomenon. Con-
sider. an electron beam which is split into two co-
herent subbeams and is allowed to interfere upon
subsequent recombination (see Fig. 1). Then, if
a magnetic flux is passes somewhere through the
area between the separated beams (for instance
by an infinite solenoid perpendicular to their
plane, or a toroidal coil wrapped around one of
them) there wi11 be a phase shift induced in the
interference pattern, even though neither beam
ever passes through the magnetic field. This ef-
fect has been demonstrated experimentally and
discussed many times for electrons. '
The effect is caused by the topological proper-

ties of the coupling between a charged particle
and the electromagnetic field. This coupling it-

self is a representation of the gauge invariance of
the theory, which is a consequence of the fact

Poth (Sl)

B 0
0') + 'Pa

Path (S2)
FIG. 1. The Aharonov-Bohm effect. An electron

beam is split coherently at u and recombined at b. A
magnetic flux through the region between the two sub-
beams, g~ and g2, will induce a phase shift in the inter-
ference pattern even if neither beam is ever in the mag-
netic field.

1981 The American Physical Society 751

Testing matter neutrality & minimal coupling
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D. Greenberger et al. PRL 47 751 (1981)



Quantum tests of electrical neutrality

Atoms are neutral 
Δφ = 0,0000(X) ??

C. Champenois et al. Lecture Notes in Phys 570, (2001)

A. Arvanitaki et al. PRL 100, 120407 (2008)

Pulsed electrostatic potentials

�� = qRb
2V ⌧

~
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Scalar Aharonov-Bohm effect

𝑞!,# = 𝑍 𝑞$ + 𝑞% + 𝐴 − 𝑍 𝑞&

Measurement with two atomic species can disentangle the
neutron charge and the electron-proton charge asymetry.
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Figure 1.9 – Le test de la neutralité de la matière utilisant l’effet Aharonov Bohm Scalaire.
a. Le diagramme temporel de la trajectoire des paquets d’ondes (en vert) le long de l’axe
vertical (Y). Les plages spatio-temporelles d’interaction avec les potentiels électriques sont
symbolisées en orange. b. Le schéma de la disposition spatiale des électrodes.

Nous voulons utiliser une méthode différente fondée sur l’effet Aharonov-Bohm Scalaire
(ABS). Dans ce cas l’objet testé est un atome passant à travers une zone de potentiel élec-
trostatique constant et donc un champ électrique nul.

Test de la neutralité de la matière avec l’interférométrie atomique. Notre mesure
est fondée sur l’effet Aharonov-Bohm Scalaire [147]. Cette mesure a été pour la première fois
mentionnée par M. Kasevich et S. Chu [72] en 1997 puis détaillée par le groupe d’interféro-
métrie de Toulouse dans le cas d’un jet thermique de lithium en 2001 [42]. Enfin cette mesure
a été proposée dans le cas d’un interféromètre en configuration fontaine d’atomes froids par
le groupe de Stanford [40] en 2008. Nous étudions cette dernière configuration (voir figure
1.4) dans le cas d’un système expérimental de taille plus réduite pour garder un meilleur
contrôle des effets systématiques.

L’effet ABS repose sur le fait qu’une particule chargée avec une charge εqe située dans un
potentiel électrique homogène V subit une énergie d’interaction εqeV . En appliquant deux
potentiels différents ±V sur chacun des bras de l’interféromètre durant un temps ∆τ , la
phase mesurée en sortie de l’interféromètre doit être décalée d’une quantité :

∆φ =
εqeV ∆τ

!
, (1.29)

où ε est sa charge résiduelle divisée par la charge de l’électron. Pour augmenter la sensibilité
de la mesure de la symétrie de charge électron-proton il est intéressant de prendre un élément
ayant un grand numéro atomique Z. De plus, le test de neutralité du neutron nécessite

�⌘ = ��
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Aqe
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A = 87 nucleons
τ = 500 ms
V = 100 kV

Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 6

Table 2. Detector design parameter targets for MAGIS-100 and follow-on detectors. The baseline
length L is the total end-to-end length of the detector. LMT atom optics of order n refers to an n~k
momentum splitting between the two arms of the atom interferometer (corresponding to n photon
recoil kicks). The atom phase noise ”„ listed is for a single atom source, and assumes improvements
in atom flux and the use of spin-squeezed atomic states [66, 67]. The multiple atom sources are
assumed to be distributed uniformly along the baseline. MAGIS-100 (initial) corresponds to current
state-of-the-art parameters, while (final) assumes atom optics operating at the projected physical
limit for this baseline. The space-based configuration is discussed in greater detail in [12].

Experiment (Proposed) Site Baseline LMT Atom Atom Phase Noise
L (m) Optics n Sources ”„ (rad{

?
Hz)

Sr prototype tower Stanford 10 102 2 10´3

MAGIS-100 (initial) Fermilab (MINOS shaft) 100 102 3 10´3

MAGIS-100 (final) Fermilab (MINOS shaft) 100 4 ˆ 104 3 10´5

MAGIS-km Homestake mine (SURF) 2000 4 ˆ 104 40 10´5

MAGIS-Space Medium Earth orbit (MEO) 4 ˆ 107 103 2 10´4

the earliest observation of the universe possible with light comes from the time of Cosmic
Microwave Background (CMB) formation, since prior to that all photons were thermalized.
Gravitational waves do not thermalize, and can carry information about the earliest epochs
in the universe, back to and even including inflation or whatever other process sets the initial
conditions for the hot Big Bang. The early universe was likely both extremely hot (with
temperature T " TeV, much more than the MeV temperatures indirectly probed by Big
Bang Nucleosynthesis) and sometimes far-from-equilibrium, so observing such early times
can teach us not just about the beginning of our universe, but also about the highest energy
scales and most basic laws of nature, potentially far beyond the energies that can be probed
in any particle collider.

Current gravitational wave observations use terrestrial laser interferometry techniques.
LIGO and other ground-based laser interferometer designs are sensitive to gravitational waves
between a few Hz and 10 kHz, but are severely limited at lower frequencies due to coupling to
seismic noise [68–70]. However, frequencies below LIGO’s range carry important information
about the early universe and many other sources. At much lower frequencies, the planned
space-based LISA detector is targeted at the 1 mHz – 50 mHz range [71]. In order to fully
realize the potential of gravitational wave observations, it is important to cover as many
di�erent frequency bands as possible [72–74]. Atomic sensors appear promising for filling
the gap between LIGO and LISA, observing gravitational waves in the mid-band, roughly
30 mHz to 3 Hz. Figure 1(b) shows the projected strain sensitivity in the mid-band for future
full-scale MAGIS-style detectors, both on the ground and in space. Achieving this level
of performance will be challenging, but the potential payo� is significant. By serving as a
technology demonstrator, MAGIS-100 will pave the way for these next generation detectors.

There are a number of compelling reasons to explore the mid-band. Historically, each
time a frequency band of electromagnetic radiation was explored for the first time it led

Mahiro Abe et al 2021 Quantum Sci. Technol. 6 044003

A. Arvanitaki et al. PRL 100, 120407 (2008) 𝝈𝜼 = 𝟏𝟎(𝟐𝟖 (10(+,𝑞$)



Proof-of-Concept on a table top AI

  I. Experimental Setup 

The experimental sequence 

Cooling Interrogation Detection  

~ 6 s 

7 

τ



Target sensitivity
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A = 87 nucleons
τ = 20 ms
V = 20 kV

Sensitivity for 2500 measurements:
Single shot limit Vibration QPN

σshot 200 mrad 5 mrad

σΦ 4 mrad 100 μrad

ση 10-23 10-24

LMT-MZ-Interferometer

• 2 - 10 cm
• LMT  = 50 - 200 ℏ𝑘
• 2T = 50 - 200 ms

• > 5 104 detected atoms
• T < 1 nK

AAPG2021 AGAPES PRCI ANR/DFG
CRRUdLQaWHd b\: BHQMaPLQ CANUEL DXUaWLRQ: 36

PRQWKV
ANR RHTXHVWHd
FXQdLQJ: 500 NE

VcLHQWLILc HYaOXaWLRQ cRPPLWWHH: CE47 - THcKQRORJLHV TXaQWLTXHV
AGAPES : KLJK VHQVLWLYH AWRP GUadLRPHWU\ IRU QHZ PUHcLVLRQ MHaVXUHPHQWV

I. Proposal’s context, positioning and objective¥s¦
a. Objectives and research hypothesis

The development of atom optics techniques in the early ÊÁs opened the possibility to manipulate
matter�waves in a coherent way and demonstrate a new generation of interferometers by splitting,
deflecting and recombining atomic states using light pulses. This pioneering work triggered several
theoretical and experimental studies and rapidly, Atom Interferometry ¥AI¦ enabled multiple breakthroughs
ranging from fundamental physics tests to the development of new classes of sensors including quantum
gyrometers or gravimeters, with performance competing or even overcoming classical devices. The
sensitivity of precision measurements experiments based on AI techniques fundamentally depends on the
separation of matter waves inside the interferometer, which is commonly limited by the use of Ã�photon
momentum transfer from the interrogation field to the atoms.

To circumvent this limitation, original interferometry schemes were recently proposed to implement �Large
Momentum Transfer� ¥LMT¦ and further increase the number of photons exchanged by factors close to a
thousand, thus promising a linear increase of the measurement sensitivity by the same factor. Such
techniques are presented in Fig. Â for a Mach�Zehnder AI geometry based on a standard three pulses

geometry �ʌ�Ã�ʌ�ʌ�Ã� enabling to respectively split, deflect and recombine the matter waves. While a
common Ã�photon momentum transfer using as example a single Raman pulse or first order Bragg
diffraction leads to a limited interferometric area, the use of LMT interrogation pulses enables to enlarge it
and increase the measurement sensitivity. Various proof�of�principle realizations of these new techniques
were demonstrated using different atom�light interaction mechanisms such as high�order Bragg diffraction,
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Figure 1.9 – Le test de la neutralité de la matière utilisant l’effet Aharonov Bohm Scalaire.
a. Le diagramme temporel de la trajectoire des paquets d’ondes (en vert) le long de l’axe
vertical (Y). Les plages spatio-temporelles d’interaction avec les potentiels électriques sont
symbolisées en orange. b. Le schéma de la disposition spatiale des électrodes.

Nous voulons utiliser une méthode différente fondée sur l’effet Aharonov-Bohm Scalaire
(ABS). Dans ce cas l’objet testé est un atome passant à travers une zone de potentiel élec-
trostatique constant et donc un champ électrique nul.

Test de la neutralité de la matière avec l’interférométrie atomique. Notre mesure
est fondée sur l’effet Aharonov-Bohm Scalaire [147]. Cette mesure a été pour la première fois
mentionnée par M. Kasevich et S. Chu [72] en 1997 puis détaillée par le groupe d’interféro-
métrie de Toulouse dans le cas d’un jet thermique de lithium en 2001 [42]. Enfin cette mesure
a été proposée dans le cas d’un interféromètre en configuration fontaine d’atomes froids par
le groupe de Stanford [40] en 2008. Nous étudions cette dernière configuration (voir figure
1.4) dans le cas d’un système expérimental de taille plus réduite pour garder un meilleur
contrôle des effets systématiques.

L’effet ABS repose sur le fait qu’une particule chargée avec une charge εqe située dans un
potentiel électrique homogène V subit une énergie d’interaction εqeV . En appliquant deux
potentiels différents ±V sur chacun des bras de l’interféromètre durant un temps ∆τ , la
phase mesurée en sortie de l’interféromètre doit être décalée d’une quantité :

∆φ =
εqeV ∆τ

!
, (1.29)

où ε est sa charge résiduelle divisée par la charge de l’électron. Pour augmenter la sensibilité
de la mesure de la symétrie de charge électron-proton il est intéressant de prendre un élément
ayant un grand numéro atomique Z. De plus, le test de neutralité du neutron nécessite



Atom diffraction in a standing waveII. Diffraction de Bragg

Régime de Bragg: couplage entre 2 états 
d’impulsion du même état interne

ℏ"# = ℏ"% − |()*+ℏ,|
+-

+
− |()|

+-
+

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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./

.+

@ = 2A
B%

~�!
<latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="TEKL1nhzo/E5DxuLJIcrG8tJkDM="></latexit><latexit sha1_base64="oNvjmNDdOtk9gBLf8JtNG0ZC3zU="></latexit><latexit sha1_base64="PvKJDqMQ3k5FX4mR4Lzt7BqXDro="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit><latexit sha1_base64="j2R3X3HlaXf/QgbSWTj/UUA3p2Y="></latexit>

Désaccord à résonance:
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P
|2
~k

i
<latexit sha1_base64="84s+nNAJSTsWj9aifb1o+dwgb5E="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="kKOuQrn02tAtmo4DXjgHA+XUf6A="></latexit><latexit sha1_base64="kKOuQrn02tAtmo4DXjgHA+XUf6A="></latexit><latexit sha1_base64="ngVO3iLtQQX6X9g6eP0lE0saJaI="></latexit><latexit sha1_base64="ngVO3iLtQQX6X9g6eP0lE0saJaI="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="ngVO3iLtQQX6X9g6eP0lE0saJaI="></latexit>

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:

p
<latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit><latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit><latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit><latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit>

0
<latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit><latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit><latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit><latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit>

E
<latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit><latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit><latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit><latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit>

|gi
<latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit><latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit><latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit><latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit>

|p0i
<latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="0+0qsdqqebhlOMpWifVCZbsvRIo="></latexit><latexit sha1_base64="0+0qsdqqebhlOMpWifVCZbsvRIo="></latexit><latexit sha1_base64="7eIkrOMN0+oYh0e4hlJ84nvxuNc="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit>

|p0 + 2~ki
<latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="Jn+QTl9YPMSpsiOTJ/FRxZa/khA="></latexit><latexit sha1_base64="Jn+QTl9YPMSpsiOTJ/FRxZa/khA="></latexit><latexit sha1_base64="+XI3DQSNXz01nktGW0zO1n9ZIxY="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit>

|ei
<latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit><latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit><latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit><latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit>

Ω*++ = Ω#-/2∆

Oscillation de Rabi pour n=1 et Ω*++= 4ω2

~�
<latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit><latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit><latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit><latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit>

avec Ω# (couplage atome-champ à 1 photon)

12

|  i = a0 | p0i+ a+ | p0 + 2~ki

<latexit sha1_base64="XIqWA60RlHn2Q8JS2Lih9GT/E4s="></latexit>

Two-photon transition: 2ℏ𝑘 momentum transfer

• AOM 1 (220 MHz)

• AOM 2 (220 MHz +    )

• AOM 3 (80 MHz)

!

II. Contrôle de la séquence

"# = 4 mm
∆ = 13 GHz de | ()*/, , F=1> / | -.*/, , F’=2> 
P012 = 300 mW
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Atom mirrors and beam splitters
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i
<latexit sha1_base64="84s+nNAJSTsWj9aifb1o+dwgb5E="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="kKOuQrn02tAtmo4DXjgHA+XUf6A="></latexit><latexit sha1_base64="kKOuQrn02tAtmo4DXjgHA+XUf6A="></latexit><latexit sha1_base64="ngVO3iLtQQX6X9g6eP0lE0saJaI="></latexit><latexit sha1_base64="ngVO3iLtQQX6X9g6eP0lE0saJaI="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="9gTTO1AVbPxVYhCtZS3kafTYop0="></latexit><latexit sha1_base64="ngVO3iLtQQX6X9g6eP0lE0saJaI="></latexit>

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:

p
<latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit><latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit><latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit><latexit sha1_base64="qyJR6Wl6nte6aCj04QZLloy5hZw="></latexit>

0
<latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit><latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit><latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit><latexit sha1_base64="l2V2SWV9ZI+Ci20N61zYfQRYDcM="></latexit>

E
<latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit><latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit><latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit><latexit sha1_base64="pWoajBXyUtNTikxVUlnc3Le9m2I="></latexit>

|gi
<latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit><latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit><latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit><latexit sha1_base64="+XV2TH84oOfm0V7fPf/nsyXnwJY="></latexit>

|p0i
<latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="0+0qsdqqebhlOMpWifVCZbsvRIo="></latexit><latexit sha1_base64="0+0qsdqqebhlOMpWifVCZbsvRIo="></latexit><latexit sha1_base64="7eIkrOMN0+oYh0e4hlJ84nvxuNc="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit><latexit sha1_base64="MjliGABPKiXxCXhSTOgrYGJSQr0="></latexit>

|p0 + 2~ki
<latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="Jn+QTl9YPMSpsiOTJ/FRxZa/khA="></latexit><latexit sha1_base64="Jn+QTl9YPMSpsiOTJ/FRxZa/khA="></latexit><latexit sha1_base64="+XI3DQSNXz01nktGW0zO1n9ZIxY="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit><latexit sha1_base64="X5p9IhkLuqFA/Yg/NFvpn37neI0="></latexit>

|ei
<latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit><latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit><latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit><latexit sha1_base64="f8R2XN+wlnQW7hCNIWsQW5SWG1I="></latexit>

Ω*++ = Ω#-/2∆

Oscillation de Rabi pour n=1 et Ω*++= 4ω2

~�
<latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit><latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit><latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit><latexit sha1_base64="5O+1vNirHmDNBKxhU4t2r5F0hKs="></latexit>

avec Ω# (couplage atome-champ à 1 photon)

12

Bragg diffraction and interferometry

Beam splitter (!/#)
Mirror (!)

!/# ! !/#

Bragg diffraction and interferometry

Beam splitter (!/#)
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Bragg diffraction:

Coupling between 2 states of  
impulsion into the same internal
state
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Beam splitterMirror



High order quasi-Bragg

2n-photon transition: 2𝑛ℏ𝑘 momentum transfer

A.Béguin et al. Phys. Rev. A 105, 033302 (2022)
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Sequential Bragg Beam Splitter

  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 

Beam splitter made with multiple n = 1 accelerating (mirror) pulses.

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



Efficiency

  III. Sequential Bragg 

29 

Velocity selection losses  
 
AND non-adiabatic losses 
  
→  favorable scaling with N 
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Efficiency improves during the pulse sequence :

  III. Sequential Bragg 

29 

Velocity selection losses  
 
AND non-adiabatic losses 
  
→  favorable scaling with N 

Ef
fic

ie
nc

y 
(%

) 𝑇𝑇 =  30 nK 

𝑛𝑛 = 1 

𝑛𝑛 = 3 

Ef
fic

ie
nc

y 
(%

) 𝑇𝑇 =  0 nK 

𝑛𝑛 = 3 

𝑛𝑛 = 1 

∝ 𝑁𝑁 

  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 during
the 1st pulses

The transfer at the Nth
pulse can be better than
for a single pulse at zero

temperature ??
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Velocity selection losses  
 
AND non-adiabatic losses 
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𝑃! = 2𝜖"(1 + cos(𝜋 + 4𝜔#𝑡$))

• Δ𝑧 = -ℏ/
0
𝑡1 ≪ 𝜉 = ℏ

0 2!

• 𝑡1 ≪ 𝜔3(4

The transfer at the Nth pulse can be better than
for a single pulse at T=0 ??

Interferences blocking the loss channels.

𝜖 ∣ 0⟩

𝜖 ∣ 0⟩𝑒%('() *!+")

𝜖 ∣ 2⟩𝑒%('( - *!+")

𝜖 ∣ 2⟩𝑒%() *!+")

Δ𝑧



Sequential Bragg Interferometer
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Spurious interferometers   III. Sequential Bragg 
Losses create spurious Ramsey-type interferometers 

M
easured as tw

o output ports 

26 

• For long enough 𝑡1 « open intererometers » vanish

• Favorable scaling with N

A. BÉGUIN et al. PHYSICAL REVIEW A 105, 033302 (2022)

FIG. 9. Sample interference patterns for mirror pulses in the
(a) LP and (b) SP regimes for n = 3. We show the relative atom
number in one of the two main output ports normalized by the pop-
ulation in both main ports as a function of the phase shift. Error bars
are standard deviations over three realizations. The solid lines are
sinusoidal fits to the data. (c) Fitted visibility in the SP regime (black
circles) and in the LP regime (blue squares) as a function of the Bragg
order. Error bars for SP interferometers reflect the distortion of the
signal and the mismatch with the pure sine model.

interrogation time between two pulses is small (T = 1 ms) in
order to minimize the effect of environmental perturbations,
such as vibrations and to focus on the impact of the diffraction
losses on the interferometer signal. In addition, for inter-
ferometers with large arm separations, the atoms experience
different optical fields on each arm. Therefore, the absolute ac
Stark shift averages unevenly on each arm, which reduces the
visibility. However, for the interrogation time T considered
in this paper, the separation is small enough to ignore this
effect. In addition, for larger arm separation, it is possible
[55] to compensate the mean ac Stark shift by using a laser
with a supplementary frequency corresponding to a detuning
of a sign opposite that of the Bragg diffraction beams. The
relative intensity of this supplementary frequency beam must
be adjusted with respect to the Bragg beams to cancel the
mean ac Stark shift.

In the LP regime [see Fig. 9(a) for n = 3], the fringe pattern
stays very close to a pure sine. This pattern indicates that all
atoms are measured in one of the two Bragg states with van-
ishing population in the unwanted states. The fitted visibilities
for LP interferometers are plotted as blue points in Fig. 9(c).
The fringe visibility decreases with the Bragg order n as the
velocity bandwidth of the diffraction pulse decreases with n,
so that a larger fraction of the population remains in the initial
state and does not contribute to the fringe signal. The finite
available laser power limits the Bragg order to n = 5 with a
fitted visibility around 15%.

FIG. 10. Fringe patterns for n = 2. The pulses parameters are
γmax = 1.75, σ = 0.46ω−1

r for the beam-splitter pulses (θR = 5π/2)
and σ = 0.15ω−1

r for the mirror pulse (θR ∼ π ). The multiport nature
of Bragg diffraction leads to distorted fringe patterns. The momen-
tum states depicted are (a) the two Bragg states, (b) the inner state,
and (c) and (d) the two outer states. Each experimental data point is
an average of three points, and the error bar is the standard deviation.
Solid lines are the results of numerical simulation for a velocity
dispersion of 0.32vr .

The SP regime offers the possibility of addressing a
broader velocity distribution which contributes to keeping an
almost constant visibility up to order n = 4 [see black circles
in Fig. 9(c)]. The degraded performance for n = 5 is also due
to limited laser power. The improved visibility is explained
by the inefficiency of the pulses which populate unwanted
momentum states that are filtered out by the normalization and
do not enter the estimation of the plotted relative population.
Therefore, the total number of atoms contributing to the inter-
ferometer signal is reduced with respect to the LP counterpart
(see Fig. 8). In addition, the population in the unwanted states
leads to large diffraction phases and parasitic interferometric
paths that distort the fringe patterns. In this regime, the inter-
ferometer is no longer a two-path interferometer leading to a
degraded phase estimation [see Fig. 9(b)].

The multiport nature of the interferometer in the quasi-
Bragg regime plays an already significant role for order n = 2,
as shown in Fig. 10. It shows the populations in all the differ-
ent measurable output ports normalized to the total number of
detected atoms. The experimental data are compared with our
numerical calculation.

As expected for n = 2 order pulses, the two main output
ports oscillate with a period π as the laser phase shift &ϕ is
imprinted twice during the diffraction event [see Fig. 10(a)].

033302-8



Spurious interferometers

• Closed interferometers need non-resonant

transitions with low probability.

• Separation ot the interometers at the output.

→ Favorable scaling with N

  III. Sequential Bragg 

29 

Velocity selection losses  
 
AND non-adiabatic losses 
  
→  favorable scaling with N 

Ef
fic

ie
nc

y 
(%

) 𝑇𝑇 =  30 nK 

𝑛𝑛 = 1 

𝑛𝑛 = 3 

Ef
fic

ie
nc

y 
(%

) 𝑇𝑇 =  0 nK 

𝑛𝑛 = 3 

𝑛𝑛 = 1 

∝ 𝑁𝑁 



LMT interferometer visibility

200ℏ𝑘

• 200 ℏ𝑘 interferometer with a sequence of 1st 

order quasi-Bragg pulses (400 pulses).

• Interferometer phase shift ∝ 2𝑁𝜙567$8



Summary

A new approach to test atom neutrality:

• Based on Scalar Aharonov Bohm effect
• Need for a large scale interferometers
• The sensitivity can be a few 10−26 qe, improving by 5 orders of magnitudes the best current

accuracy .
• Possibility to improve by few order of magnitude with very large atom interferometers and 

advanced atom optics.

LMT-interferometer 200 hk:

• Report the impact of parasitic interferometers on the visibility.
• Efficiency enhancement in a sequence of Bragg pulses.
• Demonstration of a 200 ℏ𝑘 LMT interferometer.
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BEC: an ultra-cold atom source

2) Evaporation cooling

N = 1.10% at T = 200 nK
(BEC)

c)

BEC: an ultra-cold atom source

2) Evaporation cooling

N = 1.10% at T = 200 nK
(BEC)

c)
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