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matterwave optics with cold atoms
energy scales:

Folientitel
‐ trapping allows for constraints in
dimension
‐ excitations and correlations differ
depend on confinement with respect
to temperature

excitations: spectra are given by an
interplay of interactions and dimension
‐ freeze excitations by low temperatures
‐ or excite particle or phonon like
excitations

Outline
strength of interactions:

phase‐ and density‐correlations

‐ can tune to attractive or repulsive
interactions ( Feshbach …)
‐ … or ideal Bose gas
‐ tunneling between indidual trapping
sites

‐ are measures for temperature,
excitations and interaction strength
‐ correlations are linked to entanglement
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matterwave interferometry with (ultra) cold atoms
phase (sensitity) scales with enclosed „area“ in space and time :

𝛿𝜑

𝑘𝑔𝑇

 increase path length and momentum transfer

1
Δ𝐸 𝑡
ℏ
 increase splitting and hold time
𝛿𝜑

see for reviews: Guglielmo M. Tino, Mark A. Kasevich, Atom Interferometry, IOS Press, 2014
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interferometry with trapped Bose Einstein condensates
trapping cold atoms: typically alkali atoms Li, Na, K, Rb, Cs
 single electron in S orbital („Hydrogen like“)
 can be laser cooled in gas phase
 Exhibit two‐fold hyperfine splitting of groundstate
 have inherent magnetic moment
In terms of experimental apparatus this means:
 can be trapped at minima of magnetic fields
(static magnetic trap, RF dressed traps)
 can be trapped in foci of laser beams (optical dipole trap)
 can be spin‐polarized
 can be imaged/counted through resonance fluorescence

short recap of atomic interactions

• Atoms have spin structure, fine structure and hyperfine structure
• The common alkali atoms have ground state NS1/2 with two‐fold
hyperfine level splitting
• a cold collision of two atoms in the groundstate will only happen
in a singlet or triplet configuration
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short recap of atomic interactions

•

A magnetic field B splits these levels into Zeeman sublevels,
which are labelled according from the energtically lowest to
highest in a magnetic field by a,b,c,….

• As there are no scattering channels with lower energy, typically
experiments are carried out in the aa state configuration if long
live time is expected

short recap of atomic interactions
• Each channel for each isotope has a characteristic scattering length a
• For a > 0 repulsive interactions
• For a < 0 attractive interactions
Tuning of interactions possible by Feshbach resonances:
• Molecular states can be resonantly formed for certain
collision energies
• The interatomic potentials can be shifted with magnetic fields
• In the vicinity of the resonance, the scattering length depends
strongly on a magnetic field
• Depending on the background potential, the scattering length
can change its sign
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trapped Bose Einstein condensates
Trapped Bose Einstein condensate in groundstate:

ideal gas:

interacting gas:

external trapping potential:

 Assuming weak, repulsive interactions, the system is then
described by solutions of the Gross‐Pitaevski equation:

 Which yields the chemical potential µ
for coupling constant
and s‐wave scattering length a

trapped Bose Einstein condensates
Trapped Bose Einstein condensate in groundstate:
If interactions are the dominant energy scale, the BEC finds itself in the
Thomas‐Fermi limit:
The density takes the shape of the external potential:

and the chemical potential is set by the atom number N and the trap parameters:
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matterwave interferometry in a Bosonic Josephson Junction
system of two BEC in a double‐well described by:
• interaction energy
• tunnel coupling strength Ω
• the BJJ is described by a two‐mode Hamiltonian:

• tunneling allows hopping of atoms from left to right
• the interaction term in non‐linear, and energetically favors equal atom number, or chemical potential

matterwave interferometry in a Bosonic Josephson Junction
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matterwave interferometry in a Bosonic Josephson Junction

BECs in double well as a realization of collective pseudo‐spin
• on the Bloch sphere, we use a representation for the collective spin
•

a many bodsy state is represented by a vector

with components

• The occupation of the two wells represents a two‐mode system with
atoms numbers
with the total atom number 𝑁

𝑁

𝑁
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BECs in double well as a realization of collective pseudo‐spin
•

a many body state is represented by a vector

with components

• The preparation and performance in terms of coherence is quantified by
the length of 𝐽 and the uncertainties Δ𝐽 , Δ𝐽 and Δ𝐽 :
relative phase uncertainty is quantified by Δ𝐽
relative number uncertainty is quantified by Δ𝐽
the contrast of the interferometer is given by 𝐽

BECs in double well as a realization of collective pseudo‐spin
•

a many body state is represented by a vector

with components

standard quantum limit:
• The preparation and performance in terms of coherence is quantified by
the length of 𝐽 and the uncertainties Δ𝐽 , Δ𝐽 and Δ𝐽 :
relative phase uncertainty is quantified by Δ𝐽
relative number uncertainty is quantified by Δ𝐽
the contrast of the interferometer is given by 𝐽
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phase and number squeezing
• depending on the purpose of the interferometer, squeezing either the number or phase uncertainty is helpful:
number squeezed:

phase squeezed:

• the uncertainties fullfil an uncertainty relation

which allows for reducing one of the uncertainties in y or z
• The squeezing is quantified by according factors:

state preparation in a bosonic Josephson Junction
• the BJJ is described by a two‐mode Hamiltonian:

including … tunnel coupling Ω
interaction nonlinearity χ
differential energy shift δ
• Relative importance of tunneling and interaction is quantified by
Λ distinguishes between different regimes:
• Rabi regime: 𝛬 ≪ 1 (non‐interacting limit)
• Josephson regime: 1

𝛬

𝑁 (spin squeezed state with reduced fluctuations in Jz)

• Fock regime: 𝛬 ≫ 𝑁 (negligible tunnel coupling, extreme spin squeezing)
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state preparation in a bosonic Josephson Junction
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state preparation in a bosonic Josephson Junction
• Rabi regime: 𝛬 ≪ 1 (non‐interacting limit)
• Josephson regime: 1

𝛬

𝑁 (spin squeezed state with reduced fluctuations in Jz)

• Fock regime: 𝛬 ≫ 𝑁 (negligible tunnel coupling, extreme spin squeezing)
How to approach squeezing:
Adiabatic approach:

Diabatic approach:

• Dynamically, but slowly change parameters

• Quench parameters (switch off tunnel coupling suddenly)

• Keep tunnel coupling strong during
state transfer

• Let state „twist“ due to interactions

 Reduces noise in relative phase

 For short times, shearing produces spin squeezed state

 Reduces fluctuations in Jz
 Coherent spin squeezing can be achieved
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phase accumulation
• assume the splitting prepares the superposition with a well
defined, reproducible phase
• without tunneling, the phase of each ensemble evolves
independently, so that a relative phase of 𝛿𝜃 𝑡 is accumulated
• The perfomance of the interferometer then depends on the
time evolution of both the phase uncertainty and the relative
phase itself
• Both timescales depend on the preparation of the superposition
state and the sum of all differences in energy:
• Phase evolution
• All gradients the atoms respond to add up in the reltive phase
(magnetic field, interaction, AC Stark effect, gravitation)

uncertainties during phase accumulation
•

interaction energy U

• tunnel coupling strength Ω
• the BJJ is described by a two‐mode Hamiltonian:

 The tunnel coupling rotates a state around the x‐axis
 The non‐linear interaction term can twist and distort the state over time
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phase accumulation and squeezing
• in terms of readout, number squeezed states seem more promising (?)
• BUT: so far still strongly limited by spread of phase uncertainty
Time evolution:

with phase diffusion rate:

typical scaling:

recombination in time of flight
condensates released from the double well expand and overlap  interference pattern
mapping of measured density to square of wavefunction in expansion:
𝑛 𝑟⃗, 𝑡

𝑁 Ψ 𝑟⃗, 𝑡

𝑁 Ψ 𝑟⃗, 𝑡

2 𝑁 𝑁 ℛ Ψ 𝑟⃗, 𝑡 Ψ ∗ 𝑟⃗, 𝑡

without interaction, the distance of interferences fringes grows:
Squeezing affects the interference pattern and phase readout:

ℎ𝑡
𝑚𝑑
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dynamics of the Bosonic Josephson Junction
If tunneling is possible, atom number difference and relative phase are time dependent:
population imbalance:

Relative phase: 𝜑 𝑡

𝑧

1

ℏ

Δ𝐸
ℏ

𝑧 𝜏 sin 𝜑 𝜏

2𝛺
𝛬𝑧 𝑡
ℏ

𝑧 𝑡
1

𝑧 𝑡

with

𝑧≡

cos 𝜑 𝑡

𝑁

𝑁
𝑁

with 𝛬

One possible regime features Josephson oscillations:
 oscillation in population imbalance: 𝑧 𝑡
with characteristic freqency: 𝜔

ℏ

𝛺 1

𝑧 0 cos 𝜔 𝑡

𝜑 0

𝛬

For large difference in interactions left/right: macroscopic self trapping

recombination in the double well
• just as for spltitting the condensate in the first beam splitter, on can
recombine the two separate waves in the BJJ
• due to the dynamic of the junction, the recombination will be phase
sensitive
• employ phase‐dependet tunneling:
1. Adjust Ω by lowering tunnel barrier
2. Tunnel current depends on initial phase
𝑧 𝑡

sin 𝜑 sin

3. Stop tunneling after 𝑇

2
𝛺𝑡
ℏ

[simplified for low U and ΔE]

ℏ

4. Count atoms in wells, infer phase difference
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full interferometer sequence on the Bloch sphere

experimental implementations
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trapped interferometry in optical dipole traps
• making use of strong localized electric fields of focused laser beams
• Electric field 𝐸 induces an electric dipole moment of 𝑒𝑟⃗
• Leading to an interaction energy 𝑈

𝜀 ℘ 𝐸

𝜀 𝑝 𝐸

[ ... assuming laser frequency ω is far off resonance … ]
 Effective potential 𝑈

ℏ

 When 𝜔 𝜔 the trapping force pulls the atom towards high laser intensity,
a laser focus forms a trapping potential for the atom

trapped interferometry in optical dipole traps

Nature, Vol 455; 30 October 2008; doi:10.1038/nature07332
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trapped interferometry in optical dipole traps
number squeezing, coherence and barrier height:

barrier height

Esteve et al. Nature, Vol 455; 30 October 2008; doi:10.1038/nature07332

trapping atoms in magnetic traps
Static magnetic potential:

• Combination of homogeneous fields
and field gradients provide 3D field
with minimum
• magnetic traps only for „low field seekers“
• atom chips provide trap configurations
with high trap depth and confinement
in small apparatus
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trapping atoms in RF dressed traps
• The addition of RF fields allow dynamic deformation
by off‐resonant coupling of the bare Zeeman levels:

Larmor frequency:
Detuning:
Coupling leads to new potential:

See for reference: Garraway and Perrin; Lesanpsky et. al, …

trapping atoms in RF dressed traps

• The addition of RF fields allow dynamic deformation
by off‐resonant coupling of the bare Zeeman levels:

Larmor frequency:
Detuning:
Coupling leads to new potential:

T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)
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splitting in RF dressed traps

The parameters of the double well potential are controlled by
• parameters of the stic trap
• amplitude and polarization of the RF field
• Frequency of RF field
T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)

splitting in RF dressed traps
Here: splitting controlled by amplitude of RF current
• smooth deformation from single to double well
• separation first, then barrier
• Optimized for BEC staying in lowest lying eigenstate
 beam splitter operation
• an imbalance can be induced by tilting the wells
during splitting

T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)
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splitting in RF dressed traps
numerical simulation of the Josephson junction parameters:
tunnel coupling Ω
Interaction energy U
Josephson frequency ωj

 Tunnel coupling decreases over several orders of magnitude
 Interaction increases only slightly
 Simulations are shown for N=1200, which is not excactly in
two model model anymore (limitting for larger atom numbers)
But: spin squeezing and number squeezing approx. same value
T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)

splitting with RF dressed traps
Two methods of preparing the system:
(a) coherent splitting of a single BEC
identical phase
patterns in both BECs

(b) independent condensation of two BECs
random phase
patterns in each BEC

Schumm et al, Nature Phys., 2005
Hofferberth et al, Nature Phys., 2006
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number and phase distribution after splitting
Imaging:

T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)

number and phase distribution after splitting
Atom number and relative phase are inferred fom fluorescence imaging:
• ~ 15 photons per atom are detected
• detection and photon noise need to be accounted for
• Measured distributios (black) are compared to coherent splitting (blue)
• raw data suggest number squeezing of
• Correction of detection noise suggests:

T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)
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T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)

phase evolution
Introduction of a reproducible phase shift:

‐ The condensate can be split, and then tilted
‐ Phase will evolve with

 Deteministic phase evolution can be observed
with high contrast for short times
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phase diffusion
phase variance phase grows as

Δ𝜑

Δ𝜑

𝑅 𝑡

with phase accumulation time 𝑡

, diffusion rate 𝑅

𝜉

𝑡
𝑁

ℏ

phase readout using recombination

T. Berrada et al., PRA, 93 p. 063620 (2016); T. Berrada et al., Nat. Comm. 4 p. 2077 (2013)
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tuning of interactions

our attempt with CeBECi
test case: quantum tilt‐meter
trapped BEC interfometers:
can we push the phase accumulation to > 1s ?
Example:

Δ𝐸

𝑚

𝑔 ∆ℎ

‐ splitting distance 5 µm
‐ Tidal height difference: 0.03 nm
‐ Phase accumulation time: > 2 s
 phase shift 𝜑
𝑡 > 0.05 rad
ℏ

Δ𝜑

Δ𝜑

𝑅 𝑡

𝑡

minimize initial phase spread reduce interaction
during splitting to minimize phase diffusion
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our attempt with Cesium
trapping and evaporation in optical dipole traps …

T. Weber et al., Science 299, p. 232 (2003)
T. Kraemer et.al., Appl. Phys. B 79, p. 1013 (2004)

… while tuning the scattering length with static magnetic fields:

our attempt with CeBECi
diffractive optics / phase plate:

potential landscape:
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matterwave interferometry in a compact setup
atomchip with optical dipole trapping:

diffractive optics / phase plate:

‐ magnetic field free
for tuning
‐ optical acces allows
for trapping and
imaging
‐ wires provide
DC and AC control
magnetometry and magntic field compensation:
‐ minimize external fields
‐ online measurements
of B‐field?
‐ improving protocols for
atom interferometry
surveys

Caesium Lab at Atominstitut, TU Wien
Thorsten Schumm
Stephanie Manz
Benedikt Gerstenecker
Maximilian Lerchbaumer
Shreyas Gulhane
Christian Altvater
Florian Honz
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