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Momentum correlations between individual atoms across the Mott transition 
 
In principle, many-body quantum states and dynamics can be investigated and characterized by measuring all 
correlation functions between individual quantum particles. In practice, accessing correlations at the single particle 
level turns out extremely difficult and only a few platforms – trapped ions, superconducting qbits or quantum gases – 
offer the possibility of a controlled experimental implementation. In our lab, we are pursuing this line of research with 
an original approach consisting in measuring correlations between individual atoms in the momentum (velocity) space. 
To do so, we have built an apparatus that produces Bose-Einstein condensates of metastable Helium atoms with a high-
duty cycle of 6 seconds [1]. We have implemented a unique detection method based on the special properties of 
metastable Helium atoms: the large internal energy (20 eV) stored in the metastable state allows for reconstructing the 
three-dimensional momentum coordinates of individual atoms [2]. This detection method provides a unique probe of 
interacting quantum gases, as illustrated by our investigation of the phenomenon of quantum depletion [3]. 
 
To attack open research questions on many-body physics inspired by solid-state physics, we have recently installed a 
3D optical lattice on the experiment. An optical lattice consists in a standing light wave that creates a periodic potential 
for the atoms, effectively realizing a crystal of light for the quantum gas. By loading Bose-Einstein condensates in the 
3D lattice we have shown to measure the momentum distributions of strongly interacting lattice superfluids and 
monitored the superfluid-to-normal phase transition [4]. 
 
During the internship, the candidate will participate to the investigation of a many-body quantum phase transition: the 
superfluid-to-Mott transition. In the quantum critical regime of the Mott transition, large two-particle correlations are 
expected in the momentum space but there has been no direct observation reported so far. These correlations (two 
particles with opposite momenta) originate from the quantum depletion in the superfluid state and particle-hole 
excitations in the Mott state. Our goal is to observe and characterize them (amplitude and shape of the correlation 
functions). In addition, the candidate will be offered the possibility to set up a new optical table whose aim is to provide 
the laser beams to laser cool the fermionic species Helium-3. The apparatus has been running only with the bosonic 
species Helium-4 so far but being able to load fermions into the 3D lattice will open novel and fascinating scientific 
perspectives. This new direction will be at the center of a PhD thesis following the internship. 
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