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LONG-TERM GOALS

The major long-term goals of this effort are to use dipolar interactions of ultracold atoms with dipole-
dipole interactions to explore complex spin Hamiltonians and the physics of quantum magnetism,
generally defined. This includes the physics of spin systems with long-range interactions, frustration,
disorder, and dynamical Hamiltonian couplings.

OBJECTIVES

The scientific objectives of this effort were to expand the experimental capabilities of controlled
atomic matter as it relates to the study of many-body spin systems. This expansion was to be based on
the development of scalable systems of atoms with dipolar interactions, as well as the development of
new control knobs for interacting spin systems based on cold atoms. This would then help us to
“quantum emulate” model Hamiltonians with poorly understood equilibrium phases, as well as study
complex many-body dynamics and potentially thermalization.

APPROACH

This project sought to use cold atoms with multiple accessible internal states and dipolar interactions to
study quantum magnetism. The original proposed approach was based on magnetically dipolar erbium
atoms in their electronic ground state, using spin-resolved quantum gas microscopy. However, due to
unforeseen issues related to atomic sources, our original approach was compromised and we have
instead sought to realize the same physics on faster timescales and with more easily accommodated
spatial resolution in a system based on dipole-dipole interactions of highly-excited Rydberg states of
individually trapped potassium atoms.

The key individual participating in this work at my own organization is Jackson Ang’ong’a. He is the
lead graduate student contributing to this project, having built up a cold atom apparatus including
lasers and ultrahigh vacuum system. He plays the role of technical and design lead on this project.

WORK COMPLETED

We have constructed a cold atom apparatus that loads potassium atomic clouds into an ultrahigh
vacuum system with large optical access, following laser-pulsed transfer from a quickly-loaded
magneto-optical trap. In this region, we use sub-Doppler (D line) laser cooling to cool potassium-39
atoms to nearly ten microKelvin. We have installed and our finalizing the system for projecting optical



microtraps onto the atoms and imaging individual atoms with micron-scale resolution. The current
stage of development is that we are looking for individual atoms in the microtraps, while in parallel
developing the capability to project multiple microtraps with tailored patterning. Lastly, we have
achieved an error signal for Pound-Drever-Hall locking of one of our two Rydberg lasers to a stable,
high-finesse optical cavity. We plan to lock two lasers with disparate frequencies to this cavity in the
coming months, to enable coherent optical two-photon transitions from the ground to excited Rydberg
level, to enable the population of Rydberg states that can enjoy fast dipole-dipole interactions.

RESULTS

We have learned how to quickly load large clouds of cold atoms into an isolated (UHV) chamber by
multi-stage vacuum transfer, and have achieved ultracold temperatures by means of sub-Doppler
cooling. We are in the midst of developing the appropriate loading procedure for potassium-39 atoms
into optical microtraps, which represents a new atomic species to optical microtrapping (with no
previous publications of such a result). Additionally, to my lab, we have learned how to perform
cavity-stabilization of lasers for the coherent driving of two-photon transitions, and useful more
generation for the use of optical transfer cavities.

On the theory side, we have worked with researchers at Rice University to understand and analyze the
possibility for studying complex spin Hamiltonians based on the tailored microwave addresses of
internal state transitions (in the context of molecules or Rydberg atoms). Specifically, moving beyond
the traditional kinds of experimentally relevant spin models, we have considered systems with many
accessible internal states that can be hybridized by spectrally-tailored near-resonant fields. We have
shown that new types of quantum phenomena, like the formation of “quantum strings” and “quantum
membranes” can occur in such system due to spontancous symmetry breaking.

IMPACT/IMPLICATIONS

This project has both near-term and long-term implications for the development of tailored model
quantum systems for the investigation of open fundamental physics problems. In particular, it promises
to enable entirely new levels of Hamiltonian control, based on internal state manipulation, in a many-
body quantum system of Rydberg atom arrays. This promises to enable new kinds of study on topics
such as thermalization and equilibration in disordered spin models and in driven spin models, on the
influence of interactions on flat-band Hamiltonians, and finally on engineering and probing of quantum
strings and quantum membranes.
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