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            Abstract
Precision spectroscopy of atomic systems1 is an invaluable tool for the study of fundamental interactions and symmetries2. Recently, highly charged ions have been proposed to enable sensitive tests of physics beyond the standard model2,3,4,5 and the realization of high-accuracy atomic clocks3,5, owing to their high sensitivity to fundamental physics and insensitivity to external perturbations, which result from the high binding energies of their outer electrons. However, the implementation of these ideas has been hindered by the low spectroscopic accuracies (of the order of parts per million) achieved so far6,7,8. Here we cool trapped, highly charged argon ions to the lowest temperature reported so far, and study them using coherent laser spectroscopy, achieving an increase in precision of eight orders of magnitude. We use quantum logic spectroscopy9,10 to probe the forbidden optical transition in 40Ar13+ at a wavelength of 441 nanometres and measure its excited-state lifetime and g-factor. Our work unlocks the potential of highly charged ions as ubiquitous atomic systems for use in quantum information processing, as frequency standards and in highly sensitive tests of fundamental physics, such as searches for dark-matter candidates11 or violations of fundamental symmetries2.
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                    Fig. 1: Time sequence of HCI recapture and two-ion crystal preparation.[image: ]


Fig. 2: Schematic illustration of the experimental cycle.[image: ]


Fig. 3: Rabi spectroscopy and excited-state lifetime measurement.[image: ]


Fig. 4: Zeeman structure of the 40Ar13+ 2P1/2–2P3/2 fine-structure transition.[image: ]


Fig. 5: Comparison of calculated (red) and measured (blue) excited-state g-factors.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Experimental setup.
a, Top view of the setup. The apparatus extends over two rooms separated by an acoustically insulating wall. Inside the ‘machine room’ on the right-hand side, HCIs are produced in an EBIT32 and extracted as ion bunches along the ion beam trajectory (blue line) through a deceleration beamline. At the laser laboratory (left side), they are axially injected into a cryogenic linear Paul trap34, which is mounted on a pneumatically floating optical table (grey-shaded). The Paul trap is refrigerated by a vibrationally decoupled pulse tube cryocooler35 located in the machine room. The beamline is composed of several ion optical elements: five segmented einzel lenses and an electrostatic 90° deflector for guiding and focusing the ions, a pair of pulsed drift tubes for deceleration, and six cylindrical electrodes arranged in line in front of and behind the Paul trap. Charge-state separation is accomplished by the different times of flight through the beamline. One electrode of the third segmented einzel lens is used as a gate to select the desired charge state. An MCP detector in front of the Paul trap includes two fine stainless-steel meshes that apply a well defined retarding field, and allows the measurement of the kinetic-energy distribution of the ion bunches (see also Extended Data Fig. 2e, f). A second MCP detector behind the Paul trap is used to optimize the ion beam transmission through the Paul trap. b, Magnified side view of the cryogenic Paul trap region. The trap (photograph) is shown with the two adjacent electrostatic tubes. The left one (mirror tube) at the entrance of the Paul trap is used to capture the HCIs by rapidly switching to a confining potential once the HCIs have passed it. Photograph: Physikalisch-Technische Bundesanstalt.


Extended Data Fig. 2 HCI extraction and transfer.
a, Simplified illustration of the electrostatic potential used for the 40Ar13+ transfer from the EBIT to the Paul trap. The entire ion inventory stored in the EBIT, with its charge-state distribution displayed as grey-shaded, is ejected by switching the axial trap to a repulsive potential. The charge states separate owing to their distinct initial kinetic energies. 40Ar13+ ions (red) are selected by an electrode used as a gate (not shown). The fast 40Ar13+ bunch is then slowed down upon entering the pulsed drift tubes. Having arrived there at the centre of a linear potential gradient, the electrode potentials are rapidly switched to ground, and a slower 40Ar13+ bunch leaves the pulsed drift tubes. At the Paul trap, the ions are further decelerated by an electrostatic potential and enter the trapping region with a reduced residual kinetic energy of 5q V to 10q V. They then pass a Coulomb crystal of 9Be+ ions and are reflected by an electrostatic endcap electrode biased to a potential of about 12 V above the biased common ground. Meanwhile, an electrostatic mirror tube in front of the Paul trap has been switched up to a confining potential at which 40Ar13+ is unable to escape the Paul trap. This causes an oscillatory motion along the trap axis. Through repeated interactions with the laser-cooled 9Be+ ions, 40Ar13+ dissipates its residual kinetic energy and joins the Coulomb crystal. b, Normalized ion yield as a function of the time of flight after ion ejection from the EBIT, measured by the first MCP detector in front of the Paul trap. The black curve shows the entire charge-state distribution, with Ar charge states from +7 through +15. Using the gate electrode, 40Ar13+ is chosen for passage, as shown by the red curve. a.u., arbitrary units. c, d, Normalized 40Ar13+ bunches as a function of time and position along the beamline axis (averaged over 16 shots). The FWHM of the fast bunch is about 250 ns (c) and that of the slow bunch is about 185 ns (d). e, f, Normalized kinetic-energy distributions of the 40Ar13+ bunches along the beamline axis: fast bunch (e) and slow bunch after deceleration and phase-space cooling using the pulsed drift tubes (f). The red circles show the integrated ion yield of an averaged 40Ar13+ bunch (16 shots) for a given retardation potential, measured by the retarding-field analyser. A Gaussian error function (red line) was fitted to the data and differentiated to obtain the Gaussian energy distribution (blue line) to show the mean kinetic energy and longitudinal energy spread.


Extended Data Fig. 3 Quantum logic-assisted internal state preparation of Ar13+.
The m1/2 = −1/2 state of the 2P1/2 level is deterministically populated by a series of five clock laser sideband π-pulses (1–5), which excite the two-ion crystal from the motional ground state \({|0\rangle }_{m}\) (solid lines) into the excited state \({|1\rangle }_{m}\) (dashed lines). By means of Raman sideband cooling pulses acting on the 9Be+ ion, the crystal is returned to the motional ground state after each transfer pulse. This ensures unidirectional optical pumping9. To increase the state-preparation efficiency, this sequence is repeated four times. The other Zeeman ground state (2P1/2, m1/2 = +1/2) is prepared in an analogous manner.
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