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BEC and Integrated Atom Optics
Dominik Pfeiffer, Ludwig Lind, Sophie Reißig
Former: Daniel Derr, Felix Schmaltz

Quantum Information Processing
Malte Schlosser, Tobias Schreiber, Lukas Sturm, 
Marcel Mittenbühler, Justus Götzinger, Christiph Rützel
Former: Daniel Ohl de Mello, Dominik Schäffner, 
Lars Pause, Tilman Preuschoff

Interactions of Metastable Neon Atoms
Jan Schütz, Alexander Martin, Thomas Feldker, 
Theory: Christian Cop, Reinhold Walser

Laser Spectroscopy with Highly Charged Ions (@GSI/FAIR)
Patrick Baus, Arya Krishnan, Manuel Vogel, Wolfgang Quint, and the SPECTRAP & ARTEMIS 
collaborations
Former: Alexander Martin, Tobias Murböck, Marco Wiesel, Mouwafak Shaaban

Collaborations
Veronica Ahufinger, Jordi Mompart, Anna Sanpera, Alex Turpin, Maciej Lewenstein (Barcelona)
Rainer Dumke (NTU), Reinhold Walser (Darmstadt), Alexander Yakimenko (Kiev)

Our Team: Projects, Group Members, and Co-Workers
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Trapping of BECs in a 3D dark focus generated by conical refraction
• ATOMTRONICS Collaboration: Dominik Pfeiffer, Ludwig Lind, Verónica Ahufinger, GB, Jordi Mompart …

D. Pfeiffer, L. Lind, J. Küber, F. Schmaltz, A. Turpin, V. Ahufinger, J. Mompart, G. Birkl, Phys. Rev. A 108, 053320 (2023)
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Trapping Generation of Josephson vortices in stacked toroidal BECs
• ATOMTRONICS Collaboration: Dominik Pfeiffer, Ludwig Lind, Alexander Yakimenko, GB …

N. Bazhan, A. Svetlichny, D. Pfeiffer, D. Derr, A. Yakimenko, G. Birkl, Phys. Rev. A 106, 043305 (2022)
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A double-target-BEC array atomtronic rotation sensor
• ATOMTRONICS Collaboration: Dominik Pfeiffer, Ludwig Lind, Mark Edwards, Charles Clark, GB …

Technische Universität DarmstadtGeorgia Southern University
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What to Expect from this Talk?

• This Talk is about Fundamental 
Research on Quantum Proces-
sing Hardware.

• The Technology Behind this 
Hardware Platform is In Many 
Respects Different from the one 
you are used to work with.

• This Quantum Hardware Platform 
Fulfills All Requirements for 
Quantum Information Processing 
and has a Key Advantage: 
Scalability. It might be very inter-
esting for ATOMTRONICS.
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Many-body physics in reconfigurable arrays of tunnel-coupled traps
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Platforms for Quantum Information Processing

Typical concept: Interacting spin-1/2 systems in a regular lattice

Engineering effective Hamiltonians: Coherent quantum-state control, 
tunable interactions, site- and time-resolved dynamics 

Vint
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Platforms for Quantum Information Processing

I. M. Georgescu et al., Rev. Mod. Phys. 86, 153 (2014)

TU Darmstadt
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Platforms for Quantum Information Processing

I. M. Georgescu et al., Rev. Mod. Phys. 86, 153 (2014)

TU DarmstadtTU Darmstadt

Not a weakness any
more!
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Schematic Overview of Cold-Atom Quantum Computer

Quantum Computation and
Simulation require very
similar Hardware
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Darmstadt Neutral-Atom Quantum Technology Platform
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Optical Control of Atoms
Dissipative: Spontaneous Scattering          Conservative: Dipole Force

Laser Cooling, Preparation, and Readout Dipole Trapping
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Trapping of Atoms: Dipole Potential

 Energy Shift Proportional to Intensity

 Red detuning: w0 > wL

Atoms attracted to intensity maximum

 Large Detuning  Conservative Potential

Single Beam Dipole Trap                    Crossed Beam Dipole Trap

   )(~)(



rIrU
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Reconfigurable Generation of Trap Structures

Transfer optics

2D register of qubits

Microlens array

Spatial Light Modulator
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Quantum Technology Platform for Quantum
Information Science based on Neutral-Atom Qubits
• Tweezer array of neutral atoms
• Robust microlens-based setup
• Laser induced Rydberg interactions
• Comprehensive parallelized & site-selective qubit control
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Related Work: Arrays of Individually Detectable Atoms
1D (Optical Lattice, AOD) 2D (Optical Lattice, Quantum 

Gases Microscopy)

2D (AOD, SLM, Diffractive Elements)

Weiss Browaeys

See also: Alberti, Bakr, Cornish, Doyle, Kaufman, 
Meschede, … 

3D (Optical Lattice, SLM)

Browaeys

See also: Bakr, Gross, Schauss, Thywissen, Ye, 
Zeiher, Zwierlein, …

Regal

Saffman

Ahn

See also: Bakr, Bernien, Bloom, Doyle, Gross, Endres, 
Kaufman, de Léséleuc, Loh, Ni, Ohmori, Pritchard, 
Schreck, Thompson, Whitlock, Zahn, Zeiher, …

Lukin

Greiner
Kuhr / Bloch
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Quantum Technology Platform for Quantum
Information Science based on Neutral-Atom Qubits
• Tweezer array of neutral atoms
• Robust microlens-based setup
• Laser induced Rydberg interactions
• Comprehensive parallelized & site-selective qubit control

“Micro-optical Realization of Arrays of Selectively 
Addressable Dipole Traps: A Scalable Configuration            
for Quantum Computation with Atomic Qubits”

R. Dumke, M. Volk, T. Müther, F.B.J. Buchkremer,      
G. Birkl, W. Ertmer, Phys. Rev. Lett. 89, 097309 (2002)

2002
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Building blocks
• Microlens generated single atom tweezer arrays
• Atom pattern assembly & coherent transport
• Parallelized & site-selective laser addressing
• Laser induced Rydberg interaction
• Advanced control systems

Movable tweezer
beam

MLA
SLMSLM MLA

MLA
SLM

SLM

MLA

Movable addressing
beamQubit

array

Custom, quadratic & hexagonal MLAs
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Microlens arrays
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GiRyd Collaboration with Prof. Giessen, Stuttgart
• Two-photon polymerization (Nanoscribe System)
• Resolution < 100 nm
• Writing speed: ~10 microlenses per hour

Microlens arrays

D. Schäffner et al., Opt. Express 28, 8640 (2020)

Additive Manufacturing
Custom geometries (small scale)

Lithographic process
Large-scale quadratic and hexagonal geometries

Commercial product, various vendors
• Reactive ion etching of fused silica substrate
• Tolerances on xy-pos. ~250 nm, focal length ~3%
• ~100 000 lenslets / cm2

100 µm 300 µm
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GiRyd Collaboration with Prof. Giessen, Stuttgart
• Two-photon polymerization (Nanoscribe GmbH)
• Resolution < 100 nm
• Writing speed: ~10 microlenses per hour

D. Schäffner et al., Opt. Express 28, 8640 (2020)

Microlens arrays

Additive Manufacturing
Custom geometries (small scale)

Lithographic process
Large-scale quadratic and hexagonal geometries

Commercial product, various vendors
• Reactive ion etching of fused silica substrate
• Tolerances on xy-pos. ~250 nm, focal length ~3%
• ~100 000 lenslets / cm2

100 µm 300 µm

~ 15000 spots
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Current Development 

• Supercharged two-dimensional tweezer array with more than 1000 
atomic qubits

• Reservoir-based deterministic loading of single-atom tweezer arrays

• Scalable multilayer architecture of assembled single-atom qubit arrays 
in a three-dimensional Talbot tweezer lattice

• Site-selective Rydberg interactions with atom arrays
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Overcoming laser power limitations with multiple tweezer arrays

Movable tweezer
beam

MLA
SLMSLM MLA

High-NA
objective

Qubit array
and mov.
tweezer

• Passive micro-structured elements* sustain high optical powers while producing stable trap arrays
• Rubidium tweezers of w0 =1µm require

for U0 = kB·1mK

 Large-scale 2D arrays require multiple laser sources that are combined with high efficiency

0.6mW @800 nm  
10mW @1064nm

5
(losses etc.)

10000 sites× × = 30W @ 800 nm  
500W @1064nm

Two interleaved arrays (Avergaged image)

Detail 

> 3000 sites for loading with individual atoms Averaged image
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• Passive micro-structured elements sustain high optical powers while producing stable trap arrays
 Large-scale 2D arrays require multiple laser sources that are combined with high efficiency

Experimental realization (two titanium-sapphire lasers)

Single shot (1305 atoms) Averaged image (> 3000 sites) 
pitch 5.2µm, waist 1.0 µm

Two arrays operated in parallel
→ > 3000 sites
→ 1167 atoms on average

Parameters

Gaussian beam waist on MLA
Radius ≈ 32 lens pitches

Sites per laser source
> 1500

Wavelength
≈ 798 nm

Central trap depth
≈ kB·0.5mK

Interleaved multi-MLA tweezer arrays

pitch 5.2µm, waist 1.0 µm
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• Passive micro-structured elements sustain high optical powers while producing stable trap arrays
 Large-scale 2D arrays require multiple laser sources that are combined with high efficiency

Experimental realization (two titanium-sapphire lasers)

• Initial loading:
two interleaved arrays
operated in parallel

Supercharging one array as quantum processing unit (QPU)

5.2 µm

Two arrays operated in parallel
→ > 3000 sites
→ 1167 atoms on average

Parameters

Gaussian beam waist on MLA
Radius ≈ 32 lens pitches

Sites per laser source
> 1500

Wavelength
≈ 798 nm

Central trap depth
≈ kB·0.5mKpitch 5.2µm, waist 1.0 µm

Dual-core quantum processor
→ 2048 addressable sites
→ ≈ 900 atoms on average

Parameters

32 x 32 array per laser source

Sites per laser source
1024

Wavelength
≈ 799.5 nm

Central trap depth
≈ kB·0.5mK
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• Passive micro-structured elements sustain high optical powers while producing stable trap arrays
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• Passive micro-structured elements sustain high optical powers while producing stable trap arrays
 Large-scale 2D arrays require multiple laser sources that are combined with high efficiency

Experimental realization (two titanium-sapphire lasers)

• Initial loading:
two interleaved arrays
operated in parallel

• Inter-array transfer for
→ increased filling
→ increased number of
→ reservoir atoms

Supercharging one array as quantum processing unit (QPU)

5.2 µm

256 atoms [16 x 16]

• Enhanced target pattern
assembly in one array

Quantum processing unit
→ 1024 addressable sites
→ ≈ 690 atoms on average

Parameters

32 x 32 array per laser source

Sites per laser source
1024

Wavelength
≈ 799.5 nm

Central trap depth
≈ kB·0.5mK
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Supercharged main array 256 atoms [16 × 16] 400 atoms [16 × (5 ×5)] 441 atoms [49 × (3 ×3)]

• Increased number of reservoir atoms & increased initial filling fraction
• Enhanced attainable target sizes and success probabilities

L. Pause et al., Optica 11, 222 (2024), arXiv:2310.09191 (13. 10. 2023) 

Supercharged QPU: defect-free clusters of up to 441 qubits
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Current Development 

• Supercharged two-dimensional tweezer array with more than 1000 
atomic qubits

• Reservoir-based deterministic loading of single-atom tweezer arrays

• Scalable multilayer architecture of assembled single-atom qubit arrays 
in a three-dimensional Talbot tweezer lattice

• Site-selective Rydberg interactions with atom arrays



33

Microlens array

Relay optics

Talbot
effect

Talbot tweezer lattice
Trapping
laser
beam

Scalable multilayer architecture: 3D Talbot tweezer lattice

Talbot effect gives access to multilayer trap configuration
at no additional cost.
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Microlens array

Relay optics

Talbot
effect Talbot tweezer lattice

Trapping
laser
beam

T-1/2

T1/2T0

Talbot tweezer lattice

How many lattice planes & how many tweezers? 

10.3 µm

Gaussian beam waist on MLA
17.5 lens pitch

Trapped atoms (averaged)

Cut-off for
tweezer count

N ~ P3/2

M. Schlosser et al., Phys. Rev. Lett. 130, 180601 (2023)

l = 798.6 nm

10 000 sites in 3D 
accessible to loading
of individual atoms
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Current Development 

• Supercharged two-dimensional tweezer array with more than 1000 
atomic qubits

• Reservoir-based deterministic loading of single-atom tweezer arrays

• Scalable multilayer architecture of assembled single-atom qubit arrays 
in a three-dimensional Talbot tweezer lattice

• Site-selective Rydberg interactions with atom arrays
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2-Qubit Gates for Quantum Information Processing

Interaction of atoms in separated sites 2-Qubit Gate

2-Qubit Gates using Rydberg Blockade
Requirement: Trap separation d < 10µm

0

1

r

0

1
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d

d
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g,g

g,r

r,r

D. Jaksch et al., Phys. Rev. Lett. 85, 2208 (2000)
T. Wilk et al., Phys. Rev. Lett. 104, 010502 (2010)

L. Isenhower et al., Phys. Rev. Lett. 104, 010503 (2010)
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|5𝑆ଵ/ଶ, 𝐹 = 3, 𝑚ி = −3ൿ  ↔ |87𝐷ହ/ଶ, 𝑚 = −3/2ൿ|5𝑆ଵ/ଶ, 𝐹 = 3, 𝑚ி = −3ൿ  ↔ |87𝐷ହ/ଶ, 𝑚 = −3/2ൿ
Implementing site-selective Rydberg interactions with atom arrays
• Collective enhancement

M. Schlosser et al., J. Phys. B: At. Mol. Opt. Phys. 53 144001 (2020)

Data corrected
for static errors

7 µm

Ωே = 𝑁ΩଵRabi frequency scaling

Double excitation prob.𝑁 = 2𝑁 = 3
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Site-selectively induced Rydberg Rabí oscillations

Position-controlled 480nm beam
• 2D steering via two perpendicular

acousto-optical deflectors (AODs)
• Addressing time between traps: 

1.2(1) µs
• Shortest blue addressing pulse: 

0.4(1) µs
Ex

ci
ta

tio
n

pr
ob

ab
ilit

y

Pulse duration (µs) Pulse duration (µs)
7.0 µm

A B

A (addressed) B (not addressed)

Site-selective Rydberg excitation |5𝑆ଵ/ଶ, 𝐹 = 3, 𝑚ி = −3ൿ ↔ |87𝐷ହ/ଶ, 𝑚 = −3/2ൿ|5𝑆ଵ/ଶ, 𝐹 = 3, 𝑚ி = −3ൿ ↔ |87𝐷ହ/ଶ, 𝑚 = −3/2ൿ

2.1
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Site-selectively induced Rydberg blockade

Position-controlled 480nm beam

7.0 µm

A B

Rydberg blockade (82S1/2)

Pulse duration (µs)

Ex
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Time (µs)

R
el

. i
nt

en
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ty

Control

Target

Sequential addressing

0 2 4 6

Target

2.1

Control Target



41

Site-selectively induced Rydberg blockade

Position-controlled 480nm beam

7.0 µm

A B

Rydberg blockade (82S1/2)

Pulse duration (µs)
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Control

Target

Sequential addressing

0 2 4 6

Target

2.1

Control Target

π
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Two- and Three-Dimensional Arrays of Laser-Cooled 
Neutral Atoms for ATOMTRONICS implementations


