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            Abstract
It has long been recognized that atomic emission of radiation is not an immutable property of an atom, but is instead dependent on the electromagnetic environment1 and, in the case of ensembles, also on the collective interactions between the atoms2,3,4,5,6. In an open radiative environment, the hallmark of collective interactions is enhanced spontaneous emissionâ€”super-radiance2â€”with non-dissipative dynamics largely obscured by rapid atomic decay7. Here we observe the dynamical exchange of excitations between a single artificial atom and an entangled collective state of an atomic array9 through the precise positioning of artificial atoms realized as superconducting qubits8 along a one-dimensional waveguide. This collective state is dark, trapping radiation and creating a cavity-like system with artificial atoms acting as resonant mirrors in the otherwise open waveguide. The emergent atomâ€“cavity system is shown to have a large interaction-to-dissipation ratio (cooperativity exceeding 100), reaching the regime of strong coupling, in which coherent interactions dominate dissipative and decoherence effects. Achieving strong coupling with interacting qubits in an open waveguide provides a means of synthesizing multi-photon dark states with high efficiency and paves the way for exploiting correlated dissipation and decoherence-free subspaces of quantum emitter arrays at the many-body level10,11,12,13.
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                    Fig. 1: Waveguide QED setup.[image: ]


Fig. 2: Vacuum Rabi splitting.[image: ]


Fig. 3: Vacuum Rabi oscillations.[image: ]


Fig. 4: Compound atomic mirrors, NÂ =Â 4.[image: ]
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Extended Data Fig. 1 Scanning electron microscope image of the fabricated device (false colour highlights).
a, Type I (Q2, Q3) and type II (Q1) mirror qubits coupled to the CPW. b, The central probe qubit (Q4) and lumped-element readout resonator (R4) coupled to the CPW. The inset shows an inductive meander of the lumped-element readout resonator. c, A superconducting quantum interference device (SQUID) loop with asymmetric Josephson junctions for the qubits. d, An airbridge placed across the waveguide to suppress the slotline mode.


Extended Data Fig. 2 Schematic of the measurement chain inside the dilution refrigerator.
The four types of input lines, the output line and their connection to the device inside a magnetic shield are illustrated. Attenuators are expressed as rectangles with labelled power attenuation and capacitor symbols correspond to direct-current blocks. The thin-film attenuator and a circulator (coloured red) are added to the waveguide input line and output line, respectively, in a second version of the setup and a second round of measurements to further protect the sample from thermal noise in the waveguide line. HEMT, high-electron-mobility transistor.
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