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            Abstract
The formation of strongly correlated fermion pairs is fundamental for the emergence of fermionic superfluidity and superconductivity1. For instance, Cooper pairs made of two electrons of opposite spin and momentum at the Fermi surface of the system are a key ingredient of Bardeenâ€“Cooperâ€“Schrieffer (BCS) theoryâ€”the microscopic explanation of the emergence of conventional superconductivity2. Understanding the mechanism behind pair formation is an ongoing challenge in the study of many strongly correlated fermionic systems3. Controllable many-body systems that host Cooper pairs would thus be desirable. Here we directly observe Cooper pairs in a mesoscopic two-dimensional Fermi gas. We apply an imaging scheme that enables us to extract the full inâ€‰situ momentum distribution of a strongly interacting Fermi gas with single-particle and spin resolution4. Our ultracold gas enables us to freely tune between a completely non-interacting, unpaired system and weak attractions, where we find Cooper pair correlations at the Fermi surface. When increasing the attractive interactions even further, the pairs gradually turn into deeply bound molecules that break up the Fermi surface. Our mesoscopic system is closely related to the physics of nuclei, superconducting grains or quantum dots5,6,7. With the precise control over the interactions, particle number and potential landscape in our experiment, the observables we establish in this work provide an approach for answering longstanding questions concerning not only such mesoscopic systems but also their connection to the macroscopic world.
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                    Fig. 1: Preparation and detection of a mesoscopic 2D Fermi gas.[image: ]


Fig. 2: Densityâ€“density correlation function.[image: ]


Fig. 3: Number of opposite momentum pairs as a function of the interaction strength.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Sketch of the TOF imaging sequence.
a, The TOF imaging scheme is initiated by switching off the trapping potential and the interparticle interactions. To this end, we shine in two copropagating Raman laser beams to quasi-instantaneously transfer all atoms from stateâ€‰|3âŸ© to stateâ€‰|4âŸ© (stepâ€‰1). After the Raman transition, we ramp the magnetic field from the value B0 that sets the inâ€‰situ interaction strength to a constant value of Bâ€‰=â€‰750 where the fidelity of the following spin flips is maximal. Only the imaging transitions of stateâ€‰|3âŸ© and |6âŸ© are closed. Two successive radio frequency (RF) Landauâ€“Zener sweeps are applied to move all the atoms from state |1âŸ© to |3âŸ© during the free expansion (stepsâ€‰2, 3). This is followed by taking the first image with illumination beams that are resonant only to state |3âŸ© (stepâ€‰4). Before taking the second image, a microwave (MW) Landauâ€“Zener sweep transfers the remaining atoms in |4âŸ© to stateâ€‰|3âŸ© again (stepsâ€‰5, 6). The microwave pulse leads to higher transfer fidelities than the Raman lasers but is much slower. b, The duration of the initial Raman flip with TÏ€â€‰=â€‰300â€‰ns is chosen as fast as technically possible to prevent any scattering between atoms from occurring during the expansion. The radio frequency flips are solely optimized for transfer fidelities and are distributed over the remaining time of TTOFâ€‰=â€‰9â€‰ms. The time of the microwave flip is set by the maximal frame rate of the camera. c, From a single experimental run we obtain two binary images where bright pixels indicate that at least one photon hit the chip at this location. In the first step we apply a low-pass filter to these images. A simple peak detection with an optimized acceptance threshold then allows us to extract the position of all spin-up and spin-down particles.


Extended Data Fig. 2 Different particle numbers.
In our experiment, we are able to prepare closed- and open-shell configurations with different particle numbers. aâ€“c, Single momentum space projections of the three lowest closed-shell ground states with 3â€‰+â€‰3 (a), 6â€‰+â€‰6 (b) and 10â€‰+â€‰10 (c) particles. The dashed circle indicates the corresponding Fermi momentum for each particle number. d, The total weight in the pair-correlation peak of \({{\mathscr{C}}}_{\uparrow }^{(2)}\) is plotted versus particle number and for the setting where the reference particle is fixed at the Fermi surface (for 6â€‰+â€‰6, see Fig. 2h). We find that the absolute number of paired atoms increases, and their fractions remain approximately constant from Nâ€‰= 3â€‰+â€‰3 to Nâ€‰= 10â€‰+â€‰10 particles. The error bars represent the standard error of the mean.


Extended Data Fig. 3 Scanning the interaction switch-off time.
TÏ€ is the duration of the spin flip from a strongly interacting |1âŸ©â€“|3âŸ© to an (almost) non-interacting |1âŸ©â€“|4âŸ© mixture at the beginning of the TOF sequence (inset). When we increase TÏ€, the magnitude of the pair correlations reduces greatly above a threshold of TÏ€â€‰=â€‰100â€‰Î¼s (red circles). The reason is that scattering events during the TOF expansion redistribute the momenta between the participating atoms and destroy the correlations that were present between the inâ€‰situ momenta. We model the effect by assuming that each scattering event between two atoms annihilates all the inâ€‰situ correlations for those particles. The only parameters that enter the model (solid line) are the scattering rate Î»sc of the |1âŸ©â€“|3âŸ© mixture at the magnetic offset field (B0â€‰=â€‰750) and the inâ€‰situ density. The dashed line shows the same model prediction but at one of the highest scattering rates used in our experiments (B0â€‰=â€‰695, EB/Ä§Ï‰râ€‰=â€‰1.97). It follows that at the spin flip time of TÏ€â€‰=â€‰300â€‰ns that we use for our experiments, no scattering is expected to occur during the TOF at any interaction strength setting. The mean kinetic energies Ekin (blue squares) show a similar dependence on TÏ€. This indicates again that only for TÏ€â€‰â‰ªâ€‰1/Î»sc (with Î»scâ€‰â‰²â€‰50â€‰kHz) the true inâ€‰situ momentum distribution is obtained after the TOF sequence. The error bars are obtained from the counts in each bin of the momentum distribution and the correlation function respectively and by assuming Poissonian statistics.


Extended Data Fig. 4 Single-atom detection fidelity.
The raw images are analysed by first applying a low-pass filter followed by a simple peak-detection algorithm. A histogram of the amplitudes of all detected peaks in 2,000 images of a single spin component is plotted. We find a bimodal distribution. The maximum at low amplitudes originates from background noise of the camera. The second maximum at higher amplitudes is due to real photon clusters on the chip. Every peak with an amplitude above the threshold (vertical black line) is counted as an atom. This leads to single-atom detection fidelities of 97.8(9)%. There is a probability of 5.0(5)% for a false positive detection of an atom on each image for our chosen region of interest of 320â€‰Ã—â€‰320â€‰px. For 6â€‰+â€‰6 atoms this leads to a rate of false-to-true detections of 0.83(10)%. The solid red and blue lines are Gaussian and exponential fits to the data, respectively, and the dashed line is their sum.


Extended Data Fig. 5 Collection of 28 single momentum-space projections taken at EB/Ä§Ï‰râ€‰=â€‰1.97.
The images have been postselected for the correct particle number of the 6â€‰+â€‰6 ground state but are otherwise chosen randomly. The dashed circles indicate the Fermi momentum. Atoms pairs with Î”Ï•â€‰<â€‰30Â° and pâ†‘ and pâ†“ larger than 2/3pF are highlighted. These are the particles that contribute to the pair-correlation peak at the Fermi surface (see Fig. 2i). We find considerably more such pairs in images taken at larger interaction strengths (compare Extended Data Fig. 6).


Extended Data Fig. 6 Collection of 28 single momentum-space projections taken at EB/Ä§Ï‰râ€‰=â€‰0.
The images have been postselected for the correct particle number of the 6â€‰+â€‰6 ground state but are otherwise chosen randomly. The dashed circles indicate the Fermi momentum. All detected atom pairs with Î”Ï•â€‰<â€‰30Â° and both pâ†‘ and pâ†“ larger than 2/3pF are highlighted. These are the particles that would contribute to the pair-correlation peak at the Fermi surface (see Fig. 2f). Without interactions we find no additional pairs other than what is expected already from the single-particle densities. Considerably more pairs are present in images taken at larger interaction strengths (compare Extended Data Fig. 5).


Extended Data Fig. 7 Average momentum space distributions.
a, b, The mean momentum-space distributions nâ†‘(pâ†“) of a single spin component and averaged over 1,000 images for two different binding energies and 6â€‰+â€‰6 atoms are shown. The dashed circle indicates the Fermi momentum. The distributions are to a good approximation radially symmetric. With increasing binding energy, the average momentum increases and we find more particles outside the Fermi momentum. This agrees with the picture that increasing the attraction enables particles to overcome the single-particle gap and form first Cooper pairs that finally turn into tightly bound dimers. c, From the average momentum-space distributions of both spin components it is straightforward to calculate the total mean kinetic energy of the system per spin component. For 6â€‰+â€‰6 non-interaction particles, we find a value very close to the expected ground-state (GS) kinetic energy per spin component of \({E}_{{\rm{kin}}}^{{\rm{gs}}}=7\hbar {\omega }_{r}\). The kinetic energy increases monotonously as the attraction strength increases. The error bars represent the standard error of the mean. d, The unnormalized correlator \({{\mathscr{C}}}_{{\bar{p}}_{\downarrow }}^{(2{)}^{\ast }}\) is shown for EB/Ä§Ï‰râ€‰=â€‰1.97. It is defined as in equations (1), (2) but without the âŸ¨nâŸ©âŸ¨nâŸ© term. It shows that for strong enough binding energies the paired fraction becomes large enough that pair correlations are visible even without subtracting the single-particle density contributions.


Extended Data Fig. 8 Alternative visualization of the densityâ€“density correlation function \({\boldsymbol{\mathscr{C}}}^{{\boldsymbol{(}}{\bf{2}}{\boldsymbol{)}}}\).
The pair-correlation functions in relative (\({{\mathscr{C}}}_{{\rm{R}}}^{(2)}\)) and centre-of-mass (\({{\mathscr{C}}}_{{\rm{C}}}^{(2)}\))coordinates as a function of the interaction strength EB are shown in aâ€“e and fâ€“j, respectively. The figure represents an alternative method of binning and visualizing the 4D correlation function \({{\mathscr{C}}}^{(2)}\), but is otherwise equivalent to the data shown in Fig. 2. The dashed circle indicates twice the Fermi momentum, 2pF. In relative coordinates (aâ€“e), we find a surplus of particles with momenta of |pR|â€‰â‰ˆâ€‰2pF, as expected for the formation of Cooper pairs with atoms located at the opposite ends of the Fermi surface. In the centre-of-mass frame (fâ€“j), emergence of pairing is indicated by a sharp peak at zero momentum that increases in weight with the interaction strength. kâ€“o, Radial integrals of the relative momentum correlation densities in aâ€“e. The error bars represent the standard error of the mean.


Extended Data Fig. 9 Correlations in a heated sample.
We increase the energy of the sample by modulating the radial confinement with a pulse of 50â€‰ms duration that is a square pulse of width 700â€‰Hz in frequency space and with variable amplitude A (inset). We find that the pair correlations reduce with increasing energy of the sample until they vanish completely. This measurement was taken at intermediate binding energies of EB/Ä§Ï‰râ€‰=â€‰0.6. In the future, we plan to study above-ground-state physics of our mesoscopic Fermi gas in more detail. To this end, we have to develop a precise method to measure temperatures of the sample. The error bars are obtained from the counts in each bin of the correlation function and by assuming Poissonian statistics.
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