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            Abstract
Monolithic integration of control technologies for atomic systems is a promising route to the development of quantum computers and portable quantum sensors1,2,3,4. Trapped atomic ions form the basis of high-fidelity quantum information processors5,6 and high-accuracy optical clocks7. However, current implementations rely on free-space optics for ion control, which limits their portability and scalability. Here we demonstrate a surface-electrode ion-trap chip8,9 using integrated waveguides and grating couplers, which delivers all the wavelengths of light required for ionization, cooling, coherent operations and quantum state preparation and detection of Sr+ qubits. Laser light from violet to infrared is coupled onto the chip via an optical-fibre array, creating an inherently stable optical path, which we use to demonstrate qubit coherence that is resilient to platform vibrations. This demonstration of CMOS-compatible integrated photonic surface-trap fabrication, robust packaging and enhanced qubit coherence is a key advance in the development of portable trapped-ion quantum sensors and clocks, providing a way towards the complete, individual control of larger numbers of ions in quantum information processing systems.
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                    Fig. 1: Ion-trap-integrated photonic elements and experimental setup.[image: ]


Fig. 2: Integrated photonic beam profiles measured via microscope and subsequently verified via ion interactions in situ.[image: ]


Fig. 3: Ion state detection and spectroscopy with integrated light delivery.[image: ]


Fig. 4: Vibration insensitivity when delivering qubit-control light via monolithically integrated optics and direct fibre-to-chip coupling.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Plan view of one of the grating couplers superimposed on the trap electrode metal (partial).
The single-mode (SM) waveguide is tapered to provide a wider beam at the grating coupler. The grating teeth are formed via a partial etch into the waveguide material beneath a window in the electrode metal. The gratings used are forward-emitting, designed to emit a beam to the ion location as depicted, but 55Â Î¼m above the surface of the metal.


Extended Data Fig. 2 Integrated photonic beam profiles measured from camera-recorded images.
a, High-numerical-aperture microscope images of the beams are taken while vertically scanning the focal plane above the chip. b, c, Laser light is emitted from the grating couplers and imaged at a height of zÂ =Â 0 (b) and zÂ =Â 25Â Î¼m (c) above the ion-trap electrodes.


Extended Data Fig. 3 Ion interaction profile of 408-nm light, which was used as a proxy for 405-nm light.
Error bars indicate the standard error of the mean.


Extended Data Table 1 Summary of coupling and on-chip optical losses versus wavelengthFull size table
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