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            Abstract
Gate-model quantum computers promise to solve currently intractable computational problems if they can be operated at scale with long coherence times and high-fidelity logic. Neutral-atom hyperfine qubits provide inherent scalability owing to their identical characteristics, long coherence times and ability to be trapped in dense, multidimensional arrays1. Combined with the strong entangling interactions provided by Rydberg states2,3,4, all the necessary characteristics for quantum computation are available. Here we demonstrate several quantum algorithms on a programmable gate-model neutral-atom quantum computer in an architecture based on individual addressing of single atoms with tightly focused optical beams scanned across a two-dimensional array of qubits. Preparation of entangled Greenbergerâ€“Horneâ€“Zeilinger (GHZ) states5 with up to six qubits, quantum phase estimation for a chemistry problem6 and the quantum approximate optimization algorithm (QAOA)7 for the maximum cut (MaxCut) graph problem are demonstrated. These results highlight the emergent capability of neutral-atom qubit arrays for universal, programmable quantum computation, as well as preparation of non-classical states of use for quantum-enhanced sensing.
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                    Fig. 1: Experimental quantum computing platform.


Fig. 2: Preparation of GHZ states.


Fig. 3: Quantum phase estimation using three and four qubits.


Fig. 4: QAOA algorithm for solving MaxCut.
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Extended data figures and tables

Extended Data Fig. 1 Optical module for generation of trapping light.
The light enters by means of a single-mode fibre that is collimated and then converted into a uniform intensity line with a diffractive optical element. The line is then divided into N lines by driving an AOD with N RF tones. This procedure is performed in two paths to create arrays of horizontal and vertical lines. The arrays are then combined on a polarizing beam splitter to create the grid of trap light, which is imaged onto the atoms.


Extended Data Fig. 2 Characterization of optical trap array.
a, Geometry of the line array. b, Intensity landscape of traps for sâ€‰=â€‰3. c, Vibrational frequencies. The circles show the measured trap vibration frequencies of 19â€‰kHz radial and 4â€‰kHz axial. Plots used parameters dâ€‰=â€‰3â€‰Î¼m, sâ€‰=â€‰3, Udâ€‰=â€‰kBâ€‰Ã—â€‰300â€‰Î¼K, Taâ€‰=â€‰5â€‰Î¼K and Î»â€‰=â€‰825â€‰nm. d, Plots of spatial localization. e, Map of measured variation in qubit frequency across the trap array, together with the measured shifts for the sites that were used relative to site q1. f, Ideal Gaussian beam intensity profile on a log scale.


Extended Data Fig. 3 Rydberg laser stabilization.
a, Schematic of locking setup. b, Measured self-heterodyne spectrum of 918-nm laser with a 10-km fibre delay line.


Extended Data Fig. 4 Calculated qubit coherence.
Calculated \({T}_{2}^{\ast }\) as a function of atom temperature and magnetic field noise for 825-nm trap light and a bias magnetic field of 1.6â€‰mT. The contours are labelled with the value of \({T}_{2}^{\ast }\) in ms. The estimated magnetic noise on the basis of magnetometer measurements is Ïƒâ€‰<â€‰20â€‰mG and the average measured coherence time is \(\langle {T}_{2}^{\ast }\rangle =3.5{\rm{ms}},\) which indicates an atomic temperature near 5â€‰Î¼K.


Extended Data Fig. 5 Randomized benchmarking of single-qubit gates.
a, Characterization of SPAM errors in a 49-qubit array. The array-averaged SPAM error is 3.1%. b, \({{\rm{R}}}_{\varphi }^{({\rm{G}})}(\theta )\) gate fidelity for Clifford gates. The array-averaged error per gate is 2.2â€‰Ã—â€‰10âˆ’3. c, Characterization of SPAM errors for the six sites used in the main text. The average SPAM error is 2.5%. d, Fidelity of RZ(Î¸) and RÏ•(Î¸) gates. The average error per gate is 7.5â€‰Ã—â€‰10âˆ’3.


Extended Data Fig. 6 Analysis of one-qubit gate fidelity.
a, Amplitude of Rabi oscillation owing to shot-to-shot intensity noise for several values of the pulse area. b, Measured shot-to-shot variation of the 459-nm pulse power at a location after the AOD scanners in front of the vacuum cell. c, Simulated Ramsey signal with RZ(Ï•) gate (red dots) and fit to \({a}_{1}+{a}_{2}\,\cos ({a}_{3}\varphi ){{\rm{e}}}^{-\varphi /{a}_{4}}\) (blue lines), which gives fÏ„â€‰=â€‰46. The numerical simulation is integrated over the 3D atom and light distributions using Î»trapâ€‰=â€‰825â€‰nm, wlineâ€‰=â€‰1â€‰Î¼m, dâ€‰=â€‰3â€‰Î¼m, Udâ€‰=â€‰300â€‰Î¼K, w459â€‰=â€‰3â€‰Î¼m and Taâ€‰=â€‰5â€‰Î¼K.


Extended Data Fig. 7 CZ gate implementation and characterization by preparation of Bell states.
a, Symmetric CZ gate with phase-correction pulses. The gate in the dashed box is the uncorrected \({{\rm{C}}{\prime} }_{{\rm{Z}}}\) that is composed of two Rydberg pulses that collectively drive both atoms. Pulses are detuned from resonance by Î” and have a single-atom resonant Rabi frequency of Î©R. The detuned, single-atom Rabi frequency is \(\Omega {\prime} =\sqrt{{\Omega }_{{\rm{R}}}^{2}+{\Delta }^{2}}.\) The second pulse is driven with a phase Î¾ relative to the first pulse. The two phase-compensation pulses correct residual single-atom phases, Ï•01 and Ï•10, and are used to transform the gate into a canonical CZ. In principle, the compensation phases should be the same, but in practice, we find that better gate performance is achieved by allowing the phases to differ, which compensates for the lack of perfect balance between the Rydberg pulses at the two sites. The phase-compensation pulses can be applied before or after the Rydberg pulses. b, Two qubits spaced by dâ€‰=â€‰3â€‰Î¼m addressed with large beams of waist wâ€‰=â€‰7.5â€‰Î¼m focused halfway in between the qubits. At dâ€‰=â€‰3â€‰Î¼m, there is a strong blockade of B/2Ï€â€‰=â€‰1.03â€‰GHz. Measured values were PBellâ€‰=â€‰0.475(0.01), parity amplitude Câ€‰=â€‰0.440(0.01) and fidelity FBellâ€‰=â€‰0.914(0.014). c, Two qubits spaced by dâ€‰=â€‰9â€‰Î¼m addressed with separate beams with waist wâ€‰=â€‰3â€‰Î¼m. At this spacing, the blockade is weak, B/2Ï€â€‰=â€‰3.0â€‰MHz. Measured values were PBellâ€‰=â€‰0.483(0.009), parity amplitude Câ€‰=â€‰0.444(0.010) and fidelity FBellâ€‰=â€‰0.927(0.013). d, Characterization of CZ gate fidelity for five qubit pairs. Reported values are without SPAM correction and the average fidelity is 0.90.
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