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Precision measurements at the quantum limit
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6. Experimental results
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Figure 6.11: Squeezed-state interferometer fringe with TR = 729 µs. Experimental
data (blue diamonds) and sine fit (red line) giving a contrast of C = (97.3 ± 0.2)%.
Bottom: residuals of the fit.

equator of the Bloch sphere (sphere 3) and makes the state maximally phase
sensitive. The combined steps up to sphere 3 can be thought of as replacing
the first pulse of a normal Ramsey interferometer. The sequence continues like
a normal Ramsey sequence. During the interrogation time TR, a phase 'R is
accumulated (sphere 4), which is the quantity to be measured. After TR, a final
⇡/2-pulse rotates the state around the y-axis and maps 'R onto n (sphere 5).

Figure 6.11 shows a squeezed-state Ramsey measurement with an interroga-
tion time of TR = 729 µs. The interferometric contrast is C = (97.3 ± 0.2)%.
Directly after this measurement, we measured the noise level on the slope of the
fringe in 240 shots of the experiment. The squeezing factor at the end of the
interferometer sequence was ⇠

2 = �3.9 ± 0.4 dB.
In general we observe slightly lower contrast compared to the input state due

to the added complexity of the sequence. In particular, an error in calibrating
the phase of the 78�-pulse translates into reduced contrast of the interferometer.

6.6 Lifetime of the squeezed state

In many applications such as atomic clocks, interferometric sensitivity scales lin-
early with TR, and long interrogation times are desired. We therefore measure
the performance of our interferometer as a function of TR, similar to the mea-
surements performed in reference [22].

Figure 6.12 shows the measured squeezing factor (at the end of the interfer-
ometer sequence) for varying TR. The interferometer operates at ⇠

2 ⇡ �4 dB
below the SQL, and it performs below the SQL up to TR = 10 ms. For compar-
ison, we repeat the measurement with a coherent input state, using a standard
Ramsey sequence. This reference measurement is consistent with the SQL plus

102

θ0 2π

θ

BS BS

sq
ue

ez
in

g



University of BaselPhilipp Treutlein

Outline

2

Atom interferometry: 
Matter waves for precision measurements

An atom interferometer on a microchip

Quantum metrology: 
Entanglement-enhanced interferometers 
Quantum foundations with many-particle systems

NATURE PHYSICS DOI: 10.1038/NPHYS4189 LETTERS

FanomalyF

FcylF

FEarth

mcyl

mCaesium

2.54 cm

H
ei

gh
t

Time
0 T 2T

|b, p0 + 2ħke�〉

|b, p0 + 2ħke�〉

|a, p0〉

|a, p0〉

Beam splitter
π/2

Mirror
π

Beam splitter
π/2

Figure 1 | Cavity matter-wave interferometry. Left: experimental set-up. The acceleration acyl of caesium atoms towards a cylindrical tungsten source
mass suspended in ultrahigh vacuum is measured. The cylinder has mass mcyl =0.19 kg, height h and diameter d=h=2.54 cm. The axial through-hole has
radius 0.5 cm, and the slot has width 0.5 cm. Making a di�erential measurement isolates the e�ect of any interactions sourced by the tungsten mass.
Right: Mach–Zehnder interferometer based on Raman transitions in an optical cavity. Three laser pulses manipulate the caesium atoms during free fall.
The pulses split the atomic wavepacket along two di�erent trajectories, reflect the two trajectories near their apex, and then recombine and interfere the
matter waves to measure the phase di�erence accumulated between the two paths during the interferometer time of 2T = 110 ms. We obtain a
measurement of the acceleration experienced by the caesium atoms ensemble-averaged over ⇠105 atoms.

The ultraweak fields ' can be characterized by their mass m(')
and coupling to normal matter �('), which may both be functions
of the field itself. The acceleration of an object

a=�� (')

MPl
�ar' (1)

(in our case, an atom) caused by the field is highly sensitive to the
surrounding matter geometry22. Here, MPl = (}c/8⇡G)1/2 ⇡ 2.4⇥
1018 GeV is the reduced Planck mass, and 0�a  1 is a screening
function that depends on m, � and the object’s mass and size.
Moreover, �a ! 1 for a small and light test particle but �a ⌧ 1 for
macroscopic objects, where only a thin, outermost layer interacts
with the field. An atom in ultrahigh vacuum with a local miniature
sourcemassminimizes screening and is well-suited as a testmass for
such theories8. Prime examples of such scalar fields are chameleons
and symmetrons.

A chameleon scalar field23,24 is characterized by an e�ective
potential density

Ve�(')=V (')+Vint(') (2)

The self-interaction

V (')=⇤4 + ⇤4+n

'n
(3)

is characterized by an energy scale ⇤, which must be close to the
cosmological-constant scale, ⇤' ⇤0 = 2.4meV, if the chameleon
is to drive cosmic acceleration. The interaction with matter of
density ⇢m

Vint =⇢m'/M (4)

is characterized by an energy scaleM , which is expected to be below
the Planck mass. The chameleon profile due to an arbitrary static
distribution of matter ⇢m(x) is obtained by solving the nonlinear
Poisson equation:

r2'=@Ve�/@' (5)

Deep inside a large, dense object,r2''0 and ' rapidly approaches
a negligible value that minimizes Ve�('). Thus, the bulk of such
an object is largely decoupled from the field, except for a thin
outer shell, leading to screening. For general ⇢m(x), we must
resort to numerical integration22. Given the resulting field profile
'(x), the chameleon-mediated acceleration on an atom is given by
equation (1) with �cham =MPl/M .

A symmetron scalar field25,26 has an e�ective potential symmetric
under ' ! �'. The simplest models have a Higgs-like quartic
self-interaction

V (')= �
4!'

4 � µ2

2
'2 (6)

inwhich � is the self-coupling, andµ is the bare potentialmass scale.
The field couples to matter through an explicitly density-dependent
mass term,

Vint (')= ⇢m

2M 2
S

'2 (7)

The coupling is again characterized by an energy scaleMS. We focus
here on 1MeV<MS < 1 TeV, approximately the regime in which
the fifth force is screened in a typical laboratory apparatus. The
acceleration equation (1) in a constant-density region is roughly
characterized by �sym(') = 'MPl/M 2

S . The field ', and thus the
coupling �sym, is zero in high-density regions and nonzero at low
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Louis de Broglie and the wave-particle duality of matter

When I conceived the first basic ideas of wave 
mechanics in 1923–1924, I was guided by the aim to 
perform a real physical synthesis, valid for all 
particles, of the coexistence of the wave and of the 
corpuscular aspects that Einstein had introduced 
for photons in his theory of light quanta in 1905. 

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

λdB = h
p

= h
m ⋅ v

Louis de Broglie

λdB

3

L. de Broglie, Ondes et quanta,  
Comptes rendus 177, 507 (1923). 
L. de Broglie, Recherches sur la théorie des quanta, 
Faculté des Sciences de Paris (1924).
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Double slit interference of He* atoms
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Carnal, Kurtsiefer, Pfau, Mlynek, see e.g.  
PRL 66, 2689 (1991); Nature 386, 150 (1997).

λdB = 0.1 nm

Interference pattern appears  
atom by atom 

Wave nature of atom  interference 

Particle nature of atom  quantum noise

→

→
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Examples of matter waves

5

object m [kg] v [m/s] λdB [m]
electron 9.1×10-31 6×106 1×10-10

neutron 1.7×10-27 200 2×10-9

87Rb atom (300 K) 1.4×10-25 270 2×10-11

87Rb atom (100 nK) 1.4×10-25 0.005 1×10-6

C60 molecule 1.2×10-24 210 3×10-12

oligoporphyrin 4×10-23 260 6×10-14

nanoparticles? 10-18

⋮ ⋮ ⋮ ⋮

soccer ball 0.5 20 7×10-35

λdB = h
p

= h
m ⋅ v

λdB

LETTERSNATURE PHYSICS

Earth’s angular velocity ΩE, each velocity class is transversely shifted 
by an amount proportional to Ω ∕L vE

2 , resulting in blurred interfer-
ence fringes. Owing to the 1 m grating separation L, the Coriolis 
shift is significant compared to the grating period. We compensate 
this shift with the velocity-dependent phase shift caused by gravity. 
The gravitational shift is proportional to θ ∕g L vsin( ) 2 2, where θ is 
a common roll of the grating bars relative to gravity. Time-resolved 
measurements of fullerene interference confirm that the Coriolis 
effect was more than 95% compensated for the parameters of the 
interference measurements described here (see Methods for details).

An intense neutral beam of intact molecules is a prerequisite for 
our experiments, but soft neutral volatilization and post-ionization 
of complex molecules is an outstanding technical challenge. While 
matrix-assisted laser desorption and electrospray ionization are 
useful tools for molecular analysis, the charged beams they pro-
duce are incompatible with the stringent dephasing requirements 
of interferometry. Continuous effusive thermal beams, on the other 
hand, suffer from thermal fragmentation for masses beyond a few 
kilodaltons. This can be overcome via fluoroalkyl-functionalization 
of the molecules, which adds mass, reduces the polarizability-to-
mass ratio and increases volatility4.

Here we use matrix-free nanosecond pulsed laser desorption of 
a tailor-made library of functionalized oligoporphyrins (see Fig. 1 
and Methods). The molecules are coated on a glass slide that is con-
tinuously translated to expose a fresh molecular layer to the high-
repetition-rate desorption laser beam. Instability of the molecular 
flux, probably due to inhomogeneity of the molecular coating, is 
compensated by mechanically chopping the optical grating during 
an interference scan. The data are then divided into laser-on and 
laser-off bins, where the laser-off bins constitute control measure-
ments in which interference cannot occur. This technique is highly 
robust to the varying source intensity, as discussed in the Methods.

We verify the quantum nature of the observed fringes by mea-
suring their sinusoidal visibility as a function of the diffraction laser 
power. This enables us to rule out classical phase-space trajectories 
as the mechanism behind the observed fringes. The theoretical 
expectation of such a measurement is calculated by propagating the 
Wigner function through the interferometer, yielding the sinusoidal 
visibility V of the interference curves

⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

= π πV f f B L
L

2 sinc( )sinc( ) (1)1 3 qm,cl
T

The exact form of the Talbot coefficients Bqm,cl can be found in the 
literature12. The effect of the first and third mechanical gratings 
are described by the sinc terms, which depend on the respective 
grating open fractions of the mechanical gratings, f1,3. The optical 
grating is described by the B coefficients, which can be modelled 
using the complete quantum mechanical treatment (Bqm) or using 
classical dynamics (Bcl) in which classical phase-space trajectories 
can also create sinusoidal fringes under certain conditions. The 
B coefficients contain the combined effects of photon absorption 
and phase modulation of the matter wave and depend on the laser 
power of the optical grating. The different dependence of Bqm and 
Bcl on laser power allows us to clearly differentiate quantum from 
classical dynamics.

Figure 2 shows a typical interference scan, as well as the observed 
visibilities of such scans as a function of laser power along with the 
classical and quantum predictions. A number of parameters enter 
the calculation of visibility, including the molecules’ polarizability 
and absorption cross-section, as well as the open fractions of the 
mechanical gratings (see Methods). We also take into account the 
experimental Gaussian velocity distribution (vo = 261 ± 9 m s−1, 
σ = 52 ± 7 m s−1) and the mass distribution of the molecular library. 
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Fig. 1 | Experimental schematic and molecule details. a, The molecular beam is created via nanosecond laser desorption (532!nm, 1!kHz, 
I!≈!1!×!108!W!cm−2), followed by collimation and TOF encoding via a pseudo-random chopper. The beam then enters the interferometer chamber, passing 
two SiN gratings G1 and G3 (266!nm period, 43% open fraction, 160!nm thick) and the optical grating G2 (λ!=!532!nm, vertical beam waist 690!µm), spaced 
by L!=!0.98!m. The third grating shifts transversely across the molecular beam to detect the presence of quantum interference fringes that manifest as a 
molecular density pattern of period d. The molecules are then ionized by electron impact and are mass-selected and counted in a customized quadrupole 
mass spectrometer that can resolve masses beyond 1!MDa. b, The molecules in this study consist of a tetraphenylmethane core with four zinc-coordinated 
porphyrin branches. Each branch contains up to 15 fluoroalkylsulfanyl chains. c, The MALDI-TOF spectrum of the molecular library after matrix-free 
desorption. The mass resolution in LUMI during interference experiments was lower to maximize transmission, as discussed in the Methods.
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resulting sideband asymmetry in the scattering
rates is a direct measure of the temperature of
the harmonic particlemotion, which does not
require calibration to a reference bath (22). We
observe these sidebands, which are modulated
by the cavity envelope (23), using frequency-
selective heterodyne detection of the cavity out-
put, specifically by mixing it with a strong local
oscillator field (PLO ≈ 400 mW) detuned from
the tweezer laser by whet/2p = 10.2 MHz.
Independent measurements of the cavity

linewidth k and the laser detuning D allow us
to correct the detected sideband ratios for
the cavity envelope (24), and hence to extract
themotional temperature of the particle via the
fundamental sideband asymmetry (Fig. 2A).
For this method to work reliably, it is impor-
tant to exclude all relevant influences of noise
contributions to the sideband asymmetry (25).
We ensure this by confirming that the detec-

tion process is shot noise–limited and that both
amplitude- and phase-noise contributions of
the drive laser are negligible (24). Figure 2B
shows themeasured phonon number !nx along
the cavity axis for different laser detunings D.
For near-optimal detuning of D/2p = 315 kHz,
we observe a final occupation as low as !nx =
0.43 ± 0.03, corresponding to a temperature
of 12.2 ± 0.5 mK and a ground-state probability
of 70 ± 2%. Note that in contrast to previous
quantum experiments involving cryogenically
cooled solid-state oscillators, ground-state cool-
ing here is achieved in a room-temperature
environment.
The final occupation !nfin along any direction

is reached when the total heating rate Gx is
balanced by the cooling rate !nfin ! g, where g is
the linewidth of the motional sidebands (26).
For the resolved sideband regime (k < Wx) as
studied here, and in the absence of any other

heatingmechanisms, Stokes scattering due to
the finite cavity linewidth limits cooling with
optimal parameters to a minimum phonon
occupation of !nmin ¼ ðk=4WxÞ2 ≈ 0.025. Note
that in this case, detailed balance implies
that the fundamental ground-state asymmetry
exactly compensates the effect of the cavity
envelope and therefore both sidebands have
equal power. Additional sources of heating are
balanced by larger anti-Stokes scattering, which
results in the overall observed sideband imbal-
ance. By independently measuring !nx and g,
we extract a total heating rate as low asGx/2p =
20.6 ± 2.3 kHz at a pressure of ~10–6mbar. This
is consistentwith the separatelymeasuredheat-
ing rate due to background gas collisions (18),
Ggas/2p = 16.1 ± 1.2 kHz, and the expected
heating contributions from photon recoil, Grec/
2p ≈ 6 kHz, and from laser phase noise, Gphase/
2p < 200 Hz (24).

Delić et al., Science 367, 892–895 (2020) 21 February 2020 2 of 4

Fig. 1. Cavity cooling and sideband thermometry. (A) A silica nanoparticle of
nominal diameter d = 143 ± 4 nm (SEM image) is trapped in an optical tweezer
(purple). The frequency of the tweezer laser wtw is detuned from the initially
empty cavity resonance wcav such that wtw = wcav – Wx. Scattering of the tweezer
light into the optical cavity is maximized via the tweezer polarization. The
spatial mode overlap between the dipole emission pattern of the silica nanoparticle
and the optical cavity mode results in a Purcell enhancement of the scattered
radiation by a factor of 8 relative to a free-space configuration. When the particle is
positioned at a cavity node, the elastic scattering of the tweezer light (dashed
purple arrows) is suppressed, leaving only the inelastically scattered Stokes
(red) and anti-Stokes (blue) sidebands at frequencies wcav – 2Wx and wcav,
respectively. Mixing the scattered sidebands with a strong local oscillator (green)
at wLO = wtw + whet allows us to separately detect both sidebands in a

heterodyne measurement at the cavity output port. The total heating rate from
the environment is represented here as G. (B) Heterodyne measurement of
the Stokes and anti-Stokes sidebands. The phonon occupation affects the overall
scattering rates, which are initially modified by the cavity response (black).
For large phonon occupations (!nx >> 1), the relative amplitudes of the Stokes
and anti-Stokes sidebands are completely described by the cavity transmission
function. As the nanoparticle approaches the motional ground state, the
sideband ratio is modified because the oscillator cannot undergo an anti-Stokes
scattering process. This asymmetry allows for direct thermometry of the
phonon occupation. The suppressed elastic scattering contribution is depicted
in dashed purple for reference. (C) Depiction of the phonon energy levels close to
the ground state. The heating rate from the environment and the Stokes
scattering rate are balanced by the anti-Stokes scattering rate.

RESEARCH | REPORT

on M
arch 18, 2020

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

neutron

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

Delić et al, Science 
367, 892 (2020)



University of BaselPhilipp Treutlein

Atom interferometry: matter waves for precision measurement
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λdB = 10 pm

Beam splitter for atoms

Pritchard et al.

Mechanical transmission grating

Laser Laser
Counterpropagating laser beams

Bragg grating, Raman pulses, …

Rotation 
Ω

Phase shift due to rotation

Δϕ = 4π
λdBv

Ω ⋅ A

Gustavson et al, PRL 78, 2046 (1997)

Sensitivity:  
today: 

10−8 (rad/s)/ Hz
10−10 (rad/s)/ Hz

Gyroscope
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Atom interferometric measurement of gravity

7

A. Peters et al, Nature 400, 849 (1999)
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Phase shift due to 
gravitational acceleration g

2230 A. Peters, K. Y. Chung, B. Young, J. Hensley and S. Chu

Figure 4. (a) An example of a continuous measurement of g for over two days. Each data
point corresponds to a one minute averaging time. The solid curve is a model of Earth tides at
Stanford, CA, on the days when the data were taken. (b) The residuals of the data with respect
to a tidal models where (i) the Earth is modelled as a solid elastic object and where (ii) the
e�ects of ocean loading of the Earth are taken into account. E�ects at the few parts per billion
level, like the phase shifts due to the time delays of the local tides or the e�ects of changing
local barometric pressure, have not been included.

(A vertical distance of 1 m corresponds to a change in g of three parts in 107.) This
discrepancy is to be compared to the neutron interferometer value of g which di�ers
from a macroscopic measurement of g by a few percent in a series of measurements
taken over the last 20 years (for a recent review, see Werner 1996).

We are in the process of identifying and correcting systematic e�ects. A detailed
discussion of these e�ects will be given in a future publication. We are hopeful that
systematic e�ects of this instrument can be understood at the level of one part per
billion level or less. Also, the frequency of the D2 line has an uncertainty of 40 ppb
and is currently being measured with much higher accuracy by T. W. Hänsch and
co-workers.

5. A measurement of ~/M

When an atom at rest absorbs a photon, conservation of momentum and energy
demand that the energy of the photon ~⌅L must be slightly greater than the energy

Phil. Trans. R. Soc. Lond. A (1997)
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Figure 4. (a) An example of a continuous measurement of g for over two days. Each data
point corresponds to a one minute averaging time. The solid curve is a model of Earth tides at
Stanford, CA, on the days when the data were taken. (b) The residuals of the data with respect
to a tidal models where (i) the Earth is modelled as a solid elastic object and where (ii) the
e�ects of ocean loading of the Earth are taken into account. E�ects at the few parts per billion
level, like the phase shifts due to the time delays of the local tides or the e�ects of changing
local barometric pressure, have not been included.

(A vertical distance of 1 m corresponds to a change in g of three parts in 107.) This
discrepancy is to be compared to the neutron interferometer value of g which di�ers
from a macroscopic measurement of g by a few percent in a series of measurements
taken over the last 20 years (for a recent review, see Werner 1996).

We are in the process of identifying and correcting systematic e�ects. A detailed
discussion of these e�ects will be given in a future publication. We are hopeful that
systematic e�ects of this instrument can be understood at the level of one part per
billion level or less. Also, the frequency of the D2 line has an uncertainty of 40 ppb
and is currently being measured with much higher accuracy by T. W. Hänsch and
co-workers.

5. A measurement of ~/M

When an atom at rest absorbs a photon, conservation of momentum and energy
demand that the energy of the photon ~⌅L must be slightly greater than the energy

Phil. Trans. R. Soc. Lond. A (1997)

tides at 
Stanford, CA
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Atom interferometric measurement of gravity

8P. Treutlein, K.Y. Chung, and S. Chu, PRA 63, 051401 (2001)

Stanford University, 2000

Δϕ = kLgT2
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Applications: gravity cartography
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Detection of underground tunnel 
with an atom interferometer 
operated as a gravity gradiometer 

Portable systems are 
commercially available

Stray et al, Nature 602, 590 (2020)

1 E = 10-9 s-2

Δg
Δx
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Search for new physics with atom interferometry
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AT O M I N T E R F E R O M E T R I E   Q U A N T E N O P T I K

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.phiuz.de 5/2018 (49)  Phys. Unserer Zeit  229 

Licht, das mit einer Absorptionsline des Atoms resonant ist, 
kann absorbiert werden und dabei die Bewegung der Ato-
me mit dem Impuls eines oder mehrerer Photonen verän-
dern. Zum Beispiel verändert der Rückstoß  eines optischen 
Photons die Geschwindigkeit eines Cäsiumatoms um unge-
fähr 3,5 mm/s. Mit Hilfe dieses Rückstoßes lässt sich die 
thermische Bewegung von Atomen bis auf wenige Millime-
ter pro Sekunde abbremsen. So erreicht man routinemäßig 
Temperaturen von einigen 100 nK. Dies sind perfekte Aus-
gangsbedingungen für Interferometrie experimente, da eine 
derart kalte Atomwolke von selbst kaum expandiert und 
sich daher durch Laserpulse gezielt auf die beiden Interfe-
rometerarme lenken lässt (Abbildung 1).

Raman- und Bragg-Übergänge
Bei der Absorption eines Photons ändert ein Elektron in 
einem Atom sein Energieniveau, und das Atom erfährt den 
Rückstoß des Photons. Die Wahrscheinlichkeit dieses Über-
gangs ist abhängig von der Länge und Intensität des Licht-
blitzes. Findet dieser Übergang mit einer Wahrscheinlich-
keit von 50 % statt, so wird die Materiewelle des Atoms in 
eine bewegte und eine ruhende Teilwelle gespalten. Im 
Prinzip kann so ein Strahlteiler für Materiewellen gebaut 
werden. Findet der Übergang mit (annähernd) 100 % Wahr-
scheinlichkeit statt, so erhält man einen Spiegel, mit dem 
sich die Bewegungsrichtung des Atoms, also die Ausbrei-
tungsrichtung der Materiewelle, verändern lässt. Aus sol-
chen Strahlteilern und Spiegeln lassen sich Interferometer 
bauen.

Leider ist der angeregte Zustand eines Atoms oft sehr 
kurzlebig, zerfällt also nach wenigen Nanosekunden spon-
tan. Spontane Emission zerstört die Kohärenz der Wellen-
funktion und macht Interferometrie unmöglich.

Die Dekohärenz lässt sich mit Übergängen, an denen 
mehrere Photonen beteiligt sind, vermeiden. Zum Beispiel 
kann das Atom ein Photon aus einem ersten Laserstrahl 
absorbieren, das nicht mit einem Übergang resonant ist, 
wenn gleichzeitig ein zweiter Laser eingestrahlt wird. Die-
ser Strahl stimuliert die Emission eines zweiten Photons, 
wenn die gesamte Energieänderung, also die Differenz der 
absorbierten und emittierten Energie, einem Übergang zwi-
schen zwei Niveaus entspricht. Diese beiden Niveaus kön-
nen zum Beispiel der durch Feinstruktur oder Hyperfein-
struktur aufgespaltene Grundzustand des Atoms sein. Solche 
Zustände sind extrem langlebig, und die Dekohärenz ist so 
vermieden. Wenn die beiden Strahlen gegenläufig sind, so 
erzeugt die Emission und Absorption zwei gleichgerichtete 
Rückstöße; der Rückstoß wird also annährend verdoppelt. 
Dieser Zwei-Photonen-Übergang, auch Raman-Übergang 
genannt, wird in den meisten Atominterferometern ver-
wendet.

Die Aufspaltung der Interferometerarme lässt sich erhö-
hen, indem man auch Übergänge verwendet, bei denen 
mehr als zwei Photonen beteiligt sind. Mit solchen Bragg-
Übergängen konnten bis zu 24 Photonenrückstöße in ei-
nem einzigen Schritt übertragen werden [5]. Durch Kom-

bination mehrerer solcher Prozesse sind sogar Hunderte 
von Rückstößen erreichbar. Dies erlaubt es, die Empfind-
lichkeit von Atominterferometern weiter zu erhöhen. Atom-
interferometer funktionieren also nach denselben Prinzi-
pien wie optische Interferometer, nur werden hier Laser-
pulse als Strahlteiler und Spiegel für die Materiewellen der 
Atome verwendet.

Empfindlichkeit von Atominterferometern
Nach einer Sequenz von drei Laserpulsen (Abbildung 2), 
bei der die Wellenfunktion eines Atoms in zwei Teilwellen 
aufgespalten, reflektiert und dann wieder überlagert wird, 
können sich die Teilwellen konstruktiv oder destruktiv 
überlagern und dabei abhängig von der Phasendifferenz Δφ 
der zwei Interferometerarme in einem der zwei möglichen 
Interferometer-Ausgänge ankommen. Dies passiert mit ei-
ner Wahrscheinlichkeit von P ≈ cos2(Δφ/2) beziehungswei-
se 1–P. Misst man für viele Atome, in welchem Ausgang sie 
das Interferometer verlassen, kann man auf diese Wahr-
scheinlichkeit zurückschließen und damit die Phasendiffe-
renz der zwei Interferometerarme bestimmen. In unseren 
Interferometern in Berkeley verwenden wir etwa eine Mil-
lion Atome gleichzeitig.

Abbildung 2 zeigt schematisch die Flugbahnen der Ato-
me in einem Mach-Zehnder-Interferometer. Dieser Inter-
ferometertyp besitzt im Gegensatz zu einem Michelson-
Morley-Interferometer zwei räumlich getrennte Strahlteiler 
und wird vor allem bei Atominterferometrie eingesetzt, um 
Beschleunigungen zu messen. Die Phasendifferenz Δφ zwi-
schen den beiden Pfaden ist eine Funktion von allen Wech-
selwirkungen, die während der Flugzeit auf die beiden 
Pfade einwirken. Hierzu zählt beispielsweise die Gravita-
tion. Für das Mach-Zehnder-Interferometer ergibt sie sich 

Abb. 1 Rund eine Million Cäsiumatome (heller Punkt) mit 
einer Temperatur von etwa 300 nK fliegen vertikal in Rich-
tung eines 0,19 kg schweren Wolframzylinders. Das Bild 
wurde aufgenommen, kurz bevor die Atome die Interfero-
metersequenz durchlaufen. 
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Figure 1 | Cavity matter-wave interferometry. Left: experimental set-up. The acceleration acyl of caesium atoms towards a cylindrical tungsten source
mass suspended in ultrahigh vacuum is measured. The cylinder has mass mcyl =0.19 kg, height h and diameter d=h=2.54 cm. The axial through-hole has
radius 0.5 cm, and the slot has width 0.5 cm. Making a di�erential measurement isolates the e�ect of any interactions sourced by the tungsten mass.
Right: Mach–Zehnder interferometer based on Raman transitions in an optical cavity. Three laser pulses manipulate the caesium atoms during free fall.
The pulses split the atomic wavepacket along two di�erent trajectories, reflect the two trajectories near their apex, and then recombine and interfere the
matter waves to measure the phase di�erence accumulated between the two paths during the interferometer time of 2T = 110 ms. We obtain a
measurement of the acceleration experienced by the caesium atoms ensemble-averaged over ⇠105 atoms.

The ultraweak fields ' can be characterized by their mass m(')
and coupling to normal matter �('), which may both be functions
of the field itself. The acceleration of an object

a=�� (')

MPl
�ar' (1)

(in our case, an atom) caused by the field is highly sensitive to the
surrounding matter geometry22. Here, MPl = (}c/8⇡G)1/2 ⇡ 2.4⇥
1018 GeV is the reduced Planck mass, and 0�a  1 is a screening
function that depends on m, � and the object’s mass and size.
Moreover, �a ! 1 for a small and light test particle but �a ⌧ 1 for
macroscopic objects, where only a thin, outermost layer interacts
with the field. An atom in ultrahigh vacuum with a local miniature
sourcemassminimizes screening and is well-suited as a testmass for
such theories8. Prime examples of such scalar fields are chameleons
and symmetrons.

A chameleon scalar field23,24 is characterized by an e�ective
potential density

Ve�(')=V (')+Vint(') (2)

The self-interaction

V (')=⇤4 + ⇤4+n

'n
(3)

is characterized by an energy scale ⇤, which must be close to the
cosmological-constant scale, ⇤' ⇤0 = 2.4meV, if the chameleon
is to drive cosmic acceleration. The interaction with matter of
density ⇢m

Vint =⇢m'/M (4)

is characterized by an energy scaleM , which is expected to be below
the Planck mass. The chameleon profile due to an arbitrary static
distribution of matter ⇢m(x) is obtained by solving the nonlinear
Poisson equation:

r2'=@Ve�/@' (5)

Deep inside a large, dense object,r2''0 and ' rapidly approaches
a negligible value that minimizes Ve�('). Thus, the bulk of such
an object is largely decoupled from the field, except for a thin
outer shell, leading to screening. For general ⇢m(x), we must
resort to numerical integration22. Given the resulting field profile
'(x), the chameleon-mediated acceleration on an atom is given by
equation (1) with �cham =MPl/M .

A symmetron scalar field25,26 has an e�ective potential symmetric
under ' ! �'. The simplest models have a Higgs-like quartic
self-interaction

V (')= �
4!'

4 � µ2

2
'2 (6)

inwhich � is the self-coupling, andµ is the bare potentialmass scale.
The field couples to matter through an explicitly density-dependent
mass term,

Vint (')= ⇢m

2M 2
S

'2 (7)

The coupling is again characterized by an energy scaleMS. We focus
here on 1MeV<MS < 1 TeV, approximately the regime in which
the fifth force is screened in a typical laboratory apparatus. The
acceleration equation (1) in a constant-density region is roughly
characterized by �sym(') = 'MPl/M 2

S . The field ', and thus the
coupling �sym, is zero in high-density regions and nonzero at low

NATURE PHYSICS | VOL 13 | OCTOBER 2017 | www.nature.com/naturephysics

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

939

Jaffe et al, Nat Phys 13, 938 (2017)

NATURE PHYSICS DOI: 10.1038/NPHYS4189 LETTERS

FanomalyF

FcylF

FEarth

mcyl

mCaesium

2.54 cm

H
ei

gh
t

Time
0 T 2T

|b, p0 + 2ħke�〉

|b, p0 + 2ħke�〉

|a, p0〉

|a, p0〉

Beam splitter
π/2

Mirror
π

Beam splitter
π/2

Figure 1 | Cavity matter-wave interferometry. Left: experimental set-up. The acceleration acyl of caesium atoms towards a cylindrical tungsten source
mass suspended in ultrahigh vacuum is measured. The cylinder has mass mcyl =0.19 kg, height h and diameter d=h=2.54 cm. The axial through-hole has
radius 0.5 cm, and the slot has width 0.5 cm. Making a di�erential measurement isolates the e�ect of any interactions sourced by the tungsten mass.
Right: Mach–Zehnder interferometer based on Raman transitions in an optical cavity. Three laser pulses manipulate the caesium atoms during free fall.
The pulses split the atomic wavepacket along two di�erent trajectories, reflect the two trajectories near their apex, and then recombine and interfere the
matter waves to measure the phase di�erence accumulated between the two paths during the interferometer time of 2T = 110 ms. We obtain a
measurement of the acceleration experienced by the caesium atoms ensemble-averaged over ⇠105 atoms.
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(in our case, an atom) caused by the field is highly sensitive to the
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1018 GeV is the reduced Planck mass, and 0�a  1 is a screening
function that depends on m, � and the object’s mass and size.
Moreover, �a ! 1 for a small and light test particle but �a ⌧ 1 for
macroscopic objects, where only a thin, outermost layer interacts
with the field. An atom in ultrahigh vacuum with a local miniature
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such theories8. Prime examples of such scalar fields are chameleons
and symmetrons.
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The self-interaction
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is to drive cosmic acceleration. The interaction with matter of
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is characterized by an energy scaleM , which is expected to be below
the Planck mass. The chameleon profile due to an arbitrary static
distribution of matter ⇢m(x) is obtained by solving the nonlinear
Poisson equation:

r2'=@Ve�/@' (5)

Deep inside a large, dense object,r2''0 and ' rapidly approaches
a negligible value that minimizes Ve�('). Thus, the bulk of such
an object is largely decoupled from the field, except for a thin
outer shell, leading to screening. For general ⇢m(x), we must
resort to numerical integration22. Given the resulting field profile
'(x), the chameleon-mediated acceleration on an atom is given by
equation (1) with �cham =MPl/M .

A symmetron scalar field25,26 has an e�ective potential symmetric
under ' ! �'. The simplest models have a Higgs-like quartic
self-interaction
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inwhich � is the self-coupling, andµ is the bare potentialmass scale.
The field couples to matter through an explicitly density-dependent
mass term,

Vint (')= ⇢m

2M 2
S

'2 (7)

The coupling is again characterized by an energy scaleMS. We focus
here on 1MeV<MS < 1 TeV, approximately the regime in which
the fifth force is screened in a typical laboratory apparatus. The
acceleration equation (1) in a constant-density region is roughly
characterized by �sym(') = 'MPl/M 2

S . The field ', and thus the
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Figure 3 | Constraints on screened scalar fields. a, Chameleon field: the shaded areas in the M–⇤ plane are ruled out at the 95% confidence level. MPl/M
gives the coupling strength to normal matter in relation to gravity; ⇤=⇤0 ⇡2.4 meV (indicated by the black line) could drive cosmic acceleration today. A
comparison is made to previous experiments: neutron interferometry28/neutron gravity resonance29, microsphere force sensing30, and torsion balance1,27.
b, Chameleon limits in the n–�cham plane with ⇤=⇤0, showing the narrowing gap in which basic chameleon theories could remain viable. n is the power
law index describing the shape of the chameleon potential; �cham ⌘MPl/M is the strength of the matter coupling. c, Symmetron fields: constraints by atom
interferometry complement those from torsion pendulum experiments10,11 (shown with µ=0.1 meV) for the range of µ considered. For µ< 10�1.5 meV, the
field vanishes entirely inside the vacuum (see Methods), leaving this parameter space unconstrained. The same e�ect produces the sharp cuto� in our
limits at low MS.

only a one order of magnitude range left for the coupling strength
M . Furthermore, for all ⇤>5.1meV, this gap is fully closed, ruling
out all such models. Our symmetron limits are complementary to
torsion pendula1,10,11 as well. We improve previous constraints on �
by two orders ofmagnitude throughout the entire range ofMS andµ
probed by our experiment. Our constraint is strongest in the regime
where the atom is screened,where forµ=0.1meVwe rule out�<1.

Tests of gravity in the ultraweak-field regimewith aminiature, in-
vacuum sourcemass probe screened field theories with the potential
to explain the accelerated expansion of our universe. In the future,
technologies such as lattice interferometry13 in our optical cavity and
large momentum transfer Bragg beam splitters will allow us to hold
quantum probe particles in proximity to a miniature source mass,
evading geometric constraints from the source mass’ small size,
and boosting sensitivity. With modest improvements, chameleon
fields at the cosmological energy density will be either discovered or
completely ruled out. This also will enable study of novel quantum
phenomena such as the gravitational Aharonov–Bohm e�ect12, and
provide even better resolution of atom–source mass interactions.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Figure 1 | Cavity matter-wave interferometry. Left: experimental set-up. The acceleration acyl of caesium atoms towards a cylindrical tungsten source
mass suspended in ultrahigh vacuum is measured. The cylinder has mass mcyl =0.19 kg, height h and diameter d=h=2.54 cm. The axial through-hole has
radius 0.5 cm, and the slot has width 0.5 cm. Making a di�erential measurement isolates the e�ect of any interactions sourced by the tungsten mass.
Right: Mach–Zehnder interferometer based on Raman transitions in an optical cavity. Three laser pulses manipulate the caesium atoms during free fall.
The pulses split the atomic wavepacket along two di�erent trajectories, reflect the two trajectories near their apex, and then recombine and interfere the
matter waves to measure the phase di�erence accumulated between the two paths during the interferometer time of 2T = 110 ms. We obtain a
measurement of the acceleration experienced by the caesium atoms ensemble-averaged over ⇠105 atoms.

The ultraweak fields ' can be characterized by their mass m(')
and coupling to normal matter �('), which may both be functions
of the field itself. The acceleration of an object

a=�� (')

MPl
�ar' (1)

(in our case, an atom) caused by the field is highly sensitive to the
surrounding matter geometry22. Here, MPl = (}c/8⇡G)1/2 ⇡ 2.4⇥
1018 GeV is the reduced Planck mass, and 0�a  1 is a screening
function that depends on m, � and the object’s mass and size.
Moreover, �a ! 1 for a small and light test particle but �a ⌧ 1 for
macroscopic objects, where only a thin, outermost layer interacts
with the field. An atom in ultrahigh vacuum with a local miniature
sourcemassminimizes screening and is well-suited as a testmass for
such theories8. Prime examples of such scalar fields are chameleons
and symmetrons.

A chameleon scalar field23,24 is characterized by an e�ective
potential density

Ve�(')=V (')+Vint(') (2)

The self-interaction

V (')=⇤4 + ⇤4+n

'n
(3)

is characterized by an energy scale ⇤, which must be close to the
cosmological-constant scale, ⇤' ⇤0 = 2.4meV, if the chameleon
is to drive cosmic acceleration. The interaction with matter of
density ⇢m

Vint =⇢m'/M (4)

is characterized by an energy scaleM , which is expected to be below
the Planck mass. The chameleon profile due to an arbitrary static
distribution of matter ⇢m(x) is obtained by solving the nonlinear
Poisson equation:

r2'=@Ve�/@' (5)

Deep inside a large, dense object,r2''0 and ' rapidly approaches
a negligible value that minimizes Ve�('). Thus, the bulk of such
an object is largely decoupled from the field, except for a thin
outer shell, leading to screening. For general ⇢m(x), we must
resort to numerical integration22. Given the resulting field profile
'(x), the chameleon-mediated acceleration on an atom is given by
equation (1) with �cham =MPl/M .

A symmetron scalar field25,26 has an e�ective potential symmetric
under ' ! �'. The simplest models have a Higgs-like quartic
self-interaction

V (')= �
4!'

4 � µ2

2
'2 (6)

inwhich � is the self-coupling, andµ is the bare potentialmass scale.
The field couples to matter through an explicitly density-dependent
mass term,

Vint (')= ⇢m

2M 2
S

'2 (7)

The coupling is again characterized by an energy scaleMS. We focus
here on 1MeV<MS < 1 TeV, approximately the regime in which
the fifth force is screened in a typical laboratory apparatus. The
acceleration equation (1) in a constant-density region is roughly
characterized by �sym(') = 'MPl/M 2

S . The field ', and thus the
coupling �sym, is zero in high-density regions and nonzero at low
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
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due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Figure 5 | Periodic recurrences of Ramsey interference contrast in the BEC interferometer. The contrast of the Ramsey fringes on the |0� ⇤ |1� transition
is modulated owing to the periodic splitting and recombination of the motional wavefunctions. a, As a measure of the wavefunction overlap, we show
� (N1)/N̄1 as a function of TR, where � (N1) is the standard deviation and N̄1 is the mean of N1 obtained from a running average over a time interval
[TR�75 µs,TR+75 µs], corresponding to one period of the Ramsey fringes. The width of the recurrence is influenced by nonlinear wavefunction dynamics
due to mean-field interactions. b, Corresponding Ramsey fringe data for selected values of TR. Each data point is determined from two consecutive runs of
the experiment, in which either N1 or N0 is detected. The surplus of atoms in state |1� at times when the contrast has vanished (second and fourth graph) is
probably due to small intensity gradients of the microwave used to drive the two-photon transition, caused by near-field effects due to the microstructured
surface. c, In situ images of the atomic density distribution of |0� and |1�, for TR corresponding to the centre of the windows in b.

whereas state |̄1� is nearly unaffected. Figure 3b shows that the
observed dependence of s on Pmw/�m can be reproduced even
better by assuming a slightly asymmetric CPW mode, which can
arise owing to asymmetries of the tapers andwire bonds.

Demonstration of fully coherent operation
In the second experiment, we demonstrate fully coherent control
of the atoms by carrying out trapped-BEC interferometry with
internal-state labelling of the interferometer arms. Our inter-
ferometer consists of a Ramsey (⇥/2)–(⇥/2) sequence on the
|0� ⇤ |1� transition in combination with state-dependent splitting
and recombination of the motional wavefunctions. We use a non-
adiabatic splitting and recombination scheme, see Fig. 4a, which is
motivated by the sequence required for the atom-chip quantum
gate proposed in ref. 19. By choosing�m =2⇥⇥600 kHz, we ensure
that the admixture of state |2� is small enough so that decoherence
due to magnetic field noise is not a problem on the timescale
of our experiment. After the first ⇥/2-pulse, the microwave on
the CPW is switched on within 50 µs to Pmw = 120mW, which
corresponds to a sudden displacement of the potential minimum
for state |̄0� by 4.3 µm. After a variable delay, we switch off the
microwave within 50 µs, followed by the second ⇥/2-pulse and
state-selective detection to determine the number of atoms N0
(N1) in state |0� (|1�). The time between the ⇥/2-pulses, TR,
corresponds to the overall time the microwave was turned on. In
this scheme, the switching of Vmw is adiabatic with respect to the
internal-state dynamics, but fast compared with the trap oscillation
periods. The wavefunction of state |̄0� is thus set into oscillation
in the shifted potential V|̄0�. We can record these oscillations by
varying TR and imaging the atoms without applying the second
⇥/2-pulse, see Fig. 4b. The wavefunction of |̄0� oscillates with a
peak-to-peak amplitude of 8.5 µm and a frequency of f̄ x = 116Hz,
which is the trap frequency of V|̄0� along x . Periodically, it comes
back to its initial position, approximately when TR is an integer
multiple of f̄ �1

x = 8.6 ms. At these times, it overlaps with the

wavefunction of state |1�. Note that owing to collisions, state |1�
starts to oscillate as well.

If we apply both ⇥/2-pulses and vary TR, we observe Ramsey
interference fringes, see Fig. 5. The interference contrast is
modulated by the wavefunction overlap of the two states and thus
periodically vanishes and reappears again owing to the oscillation
of state |̄0�. As a measure of the wavefunction overlap, we plot
� (N1)/N̄ 1 as a function of TR, where � (N1) is the standard
deviation and N̄ 1 is themean ofN1 obtained from a running average
over one period of the Ramsey fringes, see Fig. 5a. This measure of
the overlap has the advantage that it is largely insensitive to noise on
the Ramsey fringes. Corresponding fringe data and in situ images
of the atoms at specific times TR are shown in Fig. 5b,c. Precisely
at the time when state |̄0� has carried out a full oscillation in V|̄0�,
a sharp recurrence of the contrast is observed. The recurrence of
the interference proves that the combined evolution of internal and
motional state is coherent. The high contrast of the first recurrence
shows that the collisional interactions between the atoms observable
in Fig. 4b lead only to a small distortion of the wavefunctions.
Wavefunction distortion can be reduced to negligible levels by
optimal control of the splitting process as discussed in ref. 20.

For the second (and subsequent) recurrences, we observe sub-
stantial noise on the Ramsey fringe data. In contrast, when we
take Ramsey fringes without splitting the BEC, comparable noise
is visible only for TR beyond several hundredmilliseconds.We have
analysed technical fluctuations of the potentials; however, we find
that they can account for only about 30% of the observed noise
level (see theMethods section). The extra noise could be due to spin
squeezing in the BEC, as suggested in ref. 21, which in the present
(⇥/2)–(⇥/2) sequencewould showup as increased phase noise. This
effect will be studied in future experiments. It suggests that our
system can be used to tune interactions in a state-dependent way
for atoms such as 87Rb that do not have convenient Feshbach reso-
nances. This could lead to the realization ofmany-particle entangled
states such as spin-squeezed states21 or Schrödinger cat states39,40.
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Atom interferometry: 
Matter waves for precision measurements

An atom interferometer on a microchip

Quantum metrology: 
Entanglement-enhanced interferometers 
Quantum foundations with many-particle systems
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Figure 1 | Cavity matter-wave interferometry. Left: experimental set-up. The acceleration acyl of caesium atoms towards a cylindrical tungsten source
mass suspended in ultrahigh vacuum is measured. The cylinder has mass mcyl =0.19 kg, height h and diameter d=h=2.54 cm. The axial through-hole has
radius 0.5 cm, and the slot has width 0.5 cm. Making a di�erential measurement isolates the e�ect of any interactions sourced by the tungsten mass.
Right: Mach–Zehnder interferometer based on Raman transitions in an optical cavity. Three laser pulses manipulate the caesium atoms during free fall.
The pulses split the atomic wavepacket along two di�erent trajectories, reflect the two trajectories near their apex, and then recombine and interfere the
matter waves to measure the phase di�erence accumulated between the two paths during the interferometer time of 2T = 110 ms. We obtain a
measurement of the acceleration experienced by the caesium atoms ensemble-averaged over ⇠105 atoms.

The ultraweak fields ' can be characterized by their mass m(')
and coupling to normal matter �('), which may both be functions
of the field itself. The acceleration of an object

a=�� (')

MPl
�ar' (1)

(in our case, an atom) caused by the field is highly sensitive to the
surrounding matter geometry22. Here, MPl = (}c/8⇡G)1/2 ⇡ 2.4⇥
1018 GeV is the reduced Planck mass, and 0�a  1 is a screening
function that depends on m, � and the object’s mass and size.
Moreover, �a ! 1 for a small and light test particle but �a ⌧ 1 for
macroscopic objects, where only a thin, outermost layer interacts
with the field. An atom in ultrahigh vacuum with a local miniature
sourcemassminimizes screening and is well-suited as a testmass for
such theories8. Prime examples of such scalar fields are chameleons
and symmetrons.

A chameleon scalar field23,24 is characterized by an e�ective
potential density

Ve�(')=V (')+Vint(') (2)

The self-interaction

V (')=⇤4 + ⇤4+n

'n
(3)

is characterized by an energy scale ⇤, which must be close to the
cosmological-constant scale, ⇤' ⇤0 = 2.4meV, if the chameleon
is to drive cosmic acceleration. The interaction with matter of
density ⇢m

Vint =⇢m'/M (4)

is characterized by an energy scaleM , which is expected to be below
the Planck mass. The chameleon profile due to an arbitrary static
distribution of matter ⇢m(x) is obtained by solving the nonlinear
Poisson equation:

r2'=@Ve�/@' (5)

Deep inside a large, dense object,r2''0 and ' rapidly approaches
a negligible value that minimizes Ve�('). Thus, the bulk of such
an object is largely decoupled from the field, except for a thin
outer shell, leading to screening. For general ⇢m(x), we must
resort to numerical integration22. Given the resulting field profile
'(x), the chameleon-mediated acceleration on an atom is given by
equation (1) with �cham =MPl/M .

A symmetron scalar field25,26 has an e�ective potential symmetric
under ' ! �'. The simplest models have a Higgs-like quartic
self-interaction

V (')= �
4!'

4 � µ2

2
'2 (6)

inwhich � is the self-coupling, andµ is the bare potentialmass scale.
The field couples to matter through an explicitly density-dependent
mass term,

Vint (')= ⇢m

2M 2
S

'2 (7)

The coupling is again characterized by an energy scaleMS. We focus
here on 1MeV<MS < 1 TeV, approximately the regime in which
the fifth force is screened in a typical laboratory apparatus. The
acceleration equation (1) in a constant-density region is roughly
characterized by �sym(') = 'MPl/M 2

S . The field ', and thus the
coupling �sym, is zero in high-density regions and nonzero at low
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Quantum metrology with entangled particles
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Quantum metrology is useful  
if resources are limited: 
• limited source brightness (limited N) 
• systematic errors at large N 
• small length scale → size limits N 
• limited interrogation time TR

Goal: use entanglement to improve 
interferometric measurements
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Today’s best atomic clocks and interferometers 
operate at or near the standard quantum limit
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Spin-squeezing parameter 
Wineland, Bollinger, Itano (1992)

ξ2 = 1 ξ2 <1

• useful resource for interferometry 
beyond standard quantum limit 

• entanglement witness:  
ξ2 < 1 → atoms entangled 
Sørensen, Duan, Cirac, Zoller (2001)
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N

atomic collisions 
generate entanglement
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Squeezing and tomography 
Riedel et al, Nature 464, 1170 (2010) 
Schmied et al, New J Phys 13, 065019 (2011)

Tomography of spin-squeezed state
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Interferometer operating with a spin-squeezed state
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6.3 Splitting and recombination
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Figure 6.5: First contrast revival in dynamic splitting and recombination. Ramsey
data (blue points) and fitted sine with Gaussian envelope (red line). The Ramsey fringes
have a frequency of 2334 ± 1 Hz. The peak contrast in this measurement is found at
TS = 23.3 ± 0.1 ms.
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Figure 6.6: Ramsey measurement at the first revival, with fixed TS = 23.4 ms and
varying phase 'rf of the second ⇡/2-pulse. Experimental data (blue diamonds) and sine
fit (red line) giving a contrast of C = (98.4 ± 0.4)%. Bottom: residuals of the fit.

TS where the contrast is maximized, we fit a sinusoid multiplied by a Gaussian
envelope to the data. The fitted maximum of the envelope is at TS = 23.3± 0.1.
We routinely repeat this measurement before taking further data, and found the
contrast revival time stable within ±0.2 ms during the course of half a year in
which the data for this chapter was recorded.

In this measurement, the Ramsey fringes have an oscillation frequency of
�R = 2⇡ ⇥ (2334 ± 1) Hz. It is composed of three contributions: the microwave
level shift � = �2⇡⇥ (44.9±0.1) Hz measured in figure 6.3; an artificial detuning
�clock = 2⇡⇥ 2 kHz; and the level shift Vmw/~ due to the on-chip microwave field
during TS . Combining the results, we find Vmw = h ⇥ (415 ± 2) Hz in this data
set.

Figure 6.6 shows a Ramsey measurement at the first contrast revival. Data is
taken at fixed splitting time of TS = 23.3 ms, as a function of the phase 'rf of the
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6. Experimental results
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Figure 6.11: Squeezed-state interferometer fringe with TR = 729 µs. Experimental
data (blue diamonds) and sine fit (red line) giving a contrast of C = (97.3 ± 0.2)%.
Bottom: residuals of the fit.

equator of the Bloch sphere (sphere 3) and makes the state maximally phase
sensitive. The combined steps up to sphere 3 can be thought of as replacing
the first pulse of a normal Ramsey interferometer. The sequence continues like
a normal Ramsey sequence. During the interrogation time TR, a phase 'R is
accumulated (sphere 4), which is the quantity to be measured. After TR, a final
⇡/2-pulse rotates the state around the y-axis and maps 'R onto n (sphere 5).

Figure 6.11 shows a squeezed-state Ramsey measurement with an interroga-
tion time of TR = 729 µs. The interferometric contrast is C = (97.3 ± 0.2)%.
Directly after this measurement, we measured the noise level on the slope of the
fringe in 240 shots of the experiment. The squeezing factor at the end of the
interferometer sequence was ⇠

2 = �3.9 ± 0.4 dB.
In general we observe slightly lower contrast compared to the input state due

to the added complexity of the sequence. In particular, an error in calibrating
the phase of the 78�-pulse translates into reduced contrast of the interferometer.

6.6 Lifetime of the squeezed state

In many applications such as atomic clocks, interferometric sensitivity scales lin-
early with TR, and long interrogation times are desired. We therefore measure
the performance of our interferometer as a function of TR, similar to the mea-
surements performed in reference [22].

Figure 6.12 shows the measured squeezing factor (at the end of the interfer-
ometer sequence) for varying TR. The interferometer operates at ⇠

2 ⇡ �4 dB
below the SQL, and it performs below the SQL up to TR = 10 ms. For compar-
ison, we repeat the measurement with a coherent input state, using a standard
Ramsey sequence. This reference measurement is consistent with the SQL plus
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Microwave field measurement beyond the SQL
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Exploring quantum foundations with massive many-particle systems
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Spin-squeezing and many-particle entanglement 
• genuine multipartite entanglement 
• Wigner function tomography 
Riedel et al, Nature 464, 1170 (2010) 
Schmied et al, New J Phys 13, 065019 (2011)

Many-particle Bell correlations 
• Bell correlations in many-particle system 

detected by global measurements 
Schmied et al, Science 352, 441 (2016) 
Wagner et al, PRL 119, 170403 (2017)

Einstein-Podolsky-Rosen paradox 
• Entanglement patterns, EPR steering 
• EPR paradox between two BECs 
Fadel et al, Science 360, 409 (2018) 
Colciaghi et al, PRX 13, 021031 (2023)

5. Quantum correlations: Experiments
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Figure 5.8: Quantification of Bell correlation depth in a spin-squeezed BEC. Black: the data
set of figure 5.4 expressed in terms of the Rabi contrast Cb and the squeezed second moment ⇣2a,
with 1� error bars. The number of particles is N = 480. Blue shaded region: Bell correlations
detected by violation of inequality (5.7) for k = 1. Red shaded region: entanglement witnessed
by spin squeezing [98, 99]. Red lines: limits on ⇣2a below which there is at least (k + 1)-particle
entanglement [100], increasing in powers of two up to k = 256. Blue lines: limits on ⇣2a below
which there is at least (k + 1)-particle nonlocality, for k = 1, ..., 6.

In a BEC, for instance, the atoms could be partitioned into two different spatial lo-
cations by means of a state-independent potential. An adequate bipartite Bell inequality
could then be tested by performing local measurements on these two groups of atoms. If
a violation is observed, it would be device-independent, and it would certify that proper
measurements have been performed and that the outcome statistics observed could not
be described in terms of pre-established agreements (local-hidden-variable model).

Note that for continuous variables (CVs) it was shown that Gaussian measurements
on non-Gaussian entangled states allow to violate a Bell inequality [143–145]. Alterna-
tively, a non-deterministic violation of a Bell inequality is allowed by performing non-
Gaussian measurements (such as conditioned Gaussian measurements) on Gaussian CV
states [145, 146]. However, Bell himself argued that no violation of a Bell inequality
can appear by performing Gaussian measurements on Gaussian states [147] (pp. 37 and
198). However, it was shown both theoretically [148] and experimentally [149] that this
“no-go” theorem can be circumvented provided one trusts the measurement system, as
we have been doing with our Bell correlation witness.

For our current experimental apparatus, the fact that our detection system cannot re-
solve single atoms implies that we are restricted to Gaussian measurements. Since the
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Spatial splitting of spin-squeezed BEC
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BEC in spin-
squeezed state
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Spatial splitting of spin-squeezed BEC
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Entanglement 
between two BECs
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Einstein-Podolsky-Rosen experiment with two BECs
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Fig. 2: Spin correlations between the two BECs and illustration of the inferring mecha-

nism. The grey dots are individual data points of simultaneous measurements of spin compo-

nents SA
z and SB

z (left plot) and SA
y and SB

y (right plot) of the two systems. Data points for SB
y

are corrected for the phase shift due to the measured trigger jitter of the microwave generator

(Supplementary Material). The blue histograms are their marginal distributions, 2� intervals are

indicated by blue dotted lines. The correlations of measurement results (2� covariance ellipses

in blue) allow one to infer measurement results of one system from the other. This reduces

the variance of the prediction as shown by the histograms and the reduced 2� intervals in red.

For comparison, the 2� variance ellipses of ideal non-entangled states with the same number of

atoms are shown in yellow.

8

EPR criterion

See Paolo Colciaghi’s talk 
SPS award winner 
Thursday, 14:30, Room ETF E 1

EA→B
EPR =

4 Var( ̂SB
y − gy ̂SA

y )Var( ̂SB
z − gz ̂SA

z )
|⟨ ̂SBx ⟩ |2 = 0.81(3) < 1 M. D. Reid,  

PRA 40, 913 (1989)

First observation of the EPR paradox 
with massive many-particle systems 
Colciaghi et al, PRX 13, 021031 (2023)
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New frontier: Multi-parameter quantum metrology
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π

electromagnetic field

Global squeezing of all ensembles:   squeezed with ⃗S = ∑k
⃗Sk ξ < 1

Local spin rotations ( -pulses) transfer quantum enhancement to target Hadamard modeπ
θtarget = (θ1 − θ2 + . . . + θM)/ M Δθtarget = ξ ΔθSQLe.g. ΔθSQL = M/N

array of entangled 
atomic ensembles 
• fixed total N 
• fixed number of 

preparations

Baamara et al, Scipost Phys 14, 050 (2023); Gessner Nat Commun 11, 3817 (2020), …

Prepare & measure complete set of modes  all  quantum enhanced→ θi Δθi ≈ ξ M ΔθSQL
for , N ≫ 1
ξ M ≪ 1
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Multiparameter estimation with three entangled atomic ensembles
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preparation of three 
entangled spinor BECs

quantum enhancement 
of four different modes

Joint quantum gain 
for multiple 

parameters from 
distributed 

entanglement

Li, Joosten, Baamara, Colciaghi, Sinatra, Treutlein, Zibold, to be published
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Conclusion and outlook

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

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

• Today’s best interferometers operate at this limit 

• Entanglement can be harnessed to reduce 
quantum noise and improve precision 

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

37

SA SB



Quantum Optics and Atomic Physics

Suyash Gaikwad

Roberto Mottola

Paolo ColciaghiGianni Buser Yifan LiLex Joosten

Philipp TreutleinTilman Zibold

Manel Bosch Maryse Ernzer

Gian-Luca SchmidMadhav SaravananHaroon Saeed

Alexandre Huot

Alice Sinatra

Theory collaborators

Youcef Baamara

Positions available!


