Pis’ma v ZhETF, vol. 116, iss. 8, pp. 570 – 571 © 2022 October 25

Numerical simulation of the performance of single qubit gates for trapped ions

L. A. Akopyan^{+1)}, O. Lakhmanskaya^+, S. Yu. Zarutskiy^+, N. D. Korolev^+, O. Guseva^+, K. Lakhmanskiy^{+∗}

+Russian Quantum Center, Skolkovo, 143025 Moscow, Russia

∗Higher School of Systems Engineering MIPT, 141701 Dolgoprudny, Russia

Submitted 2 September 2022 Resubmitted 2 September 2022 Accepted 15 September 2022

DOI: 10.31857/S1234567822200113, EDN: kpoidh

Quantum computing with trapped ions has shown significant progress over the last couple of decades [1– 5]. The main advantages are the highest-fidelity quantum computing gates, long coherence times, inherent uni-formality and all-to-all connectivity [6–11]. Nowadays the attention has shifted from miniature architectures towards more practical implementations requiring to scale up the computer performance [12–19]. For large ion crystals system performance is known to degrade [1]. Therefore, it is crucial to understand scaling of the finite errors in quantum gates with the system size due to noise, decoherence, and control imperfections. In particular, we numerically studied the performance of global single-qubit gates depending on the Lamb–Dicke parameter, gate time, the number of ions, and the initial phonon mode occupation numbers.

The dynamics of single-qubit gates in trapped-ion systems is typically described using Lamb–Dicke approximation meaning the exclusion of the phonon modes [2, 7, 20]. In this work we performed numerical simulation of the action of the single qubit gate R_ϕ(θ) using full Hamiltonian of the system (1):

Ĥ_N =^N ∑ p=1 ℏ ω_q 2 σ̂^p_z + ∑ j N∑ k=1 ℏω_{jk} ( â^†_{jk}â_{jk} + 1 2 ) +

+ ℏ 2 N∑ p=1 Ω [ e^{−i(ωt−kR̂p+ϕ)}σ^+_p + h.c. ] . (1)

Here indexes p and j refer to the ion index in the chain and to the choise of the Cartesian axis (x, y, z) respectively, ω_q is the qubit transition frequency, ω is the laser frequency, ω_{jk} is the frequency of the normal mode k along axis j, â^†_{jk} /â_{jk} are creation/annihilation operators of the normal mode k along axis j, k is the wave vector of the laser, ϕ is the phase of the laser, and angle θ = τΩ of the gate is controlled via the gate time τ, R̂_p is the quantised coordinate of the center of mass of

1)e-mail: l.akopyan@rqc.ru

ion p. Full Hamiltonian allows to account for the two effects responsible for gate errors: entanglement between the qubit states and the phonon modes and phonon mode heating which leads to the finite occupation of the phonon modes.

The results are obtained for optical Ca qubits and for the two types of gates, G_1 and G_{15} for which the π/2 pulse is performed during 1 s and 15 s, respectively [7, 2]. Figure 1 shows the fidelity of single-qubit R_ϕ(θ) gate for 3 ions for gates G_1 and G_{15} with different levels of corrections to the Rabi frequency obtained in the Lamb–Dicke approximations (for details see [21]):

Ω_p = Ω 1 − ∑ j N∑ k=1 η^2_{pjk} (n_{kj} + 1/2)

. (2)

The corrected Rabi frequencies Ω account only for the finite occupation of the phonon modes. According to Fig. 1, the minimum infidelity of 10^{−4} is achieved for the gate G_{15}, when the corrections for all the modes are included. Additional simulations indeed have shown that the phonon mode occupation leads to a more rapid decrease in the fidelity. For the fast G_1 gate the situation is worse: the oscillations of fidelity can not be removed by correcting Rabi frequency. These oscillations come from the entanglement between the phonon modes and the qubit states. Comparison of the two different types of fidelities (obtained with and without tracing of the phonon modes) and calculations of the entanglement entropy also show the existence of entanglement between phonons and ions. The amplitude of the fidelity oscillations scales with Ω and increases with the phonon mode occupation number. The largest contribution to the infidelity and to the amplitude of its oscillations comes from the population of the center of mass (COM) mode. We also studied the dependence of the fidelity on the Lamb– Dicke parameter and on the number of ions (from 1 to 4) for the initial phonon mode state |100⟩ corresponding to a single phonon in a COM mode. We observe less

570 Письма в ЖЭТФ том 116 вып. 7 – 8 2022

Numerical simulation of the performance. . . 571

Fig. 1. (Color online) Computed fidelities of the singlequbit gates G1 (top panel) and G15 (bottom panel) depending on angle θ. The initial state of phonon modes is |nCOMn2n3⟩ = |211⟩. Different line styles distinguish different cases depending on how the ideal gate operation was simulated: using corrections for the Rabi frequency (the colored lines except the dashed-dotted one) from Eq. (2) or without the corrections (dashed-dotted line). The number of modes/phonons accounted for the corrections is specified in the legend

profound decrease of the fidelity as the ion chain gets longer and for the larger axial frequencies.

In summary, the gate fidelities improve for slower gates and small Lamb–Dicke parameter η. For slow gates, the gate performance can be well characterised with modified Rabi frequency using Eq. (2), whereas for gates as fast as G_1 numerical simulations are required to account for the entanglement effects and oscillatory behaviour of gate fidelity which originates from the ionphonon entanglement. Its period and amplitude scale with the Rabi frequency Ω, the Lamb–Dicke parameter η and the phonon mode occupation number. The developed software package will be used to optimise singlequbit gate parameters for experimental setup handling trapped ions. The results and analyses will be useful for error mitigation in quantum algorithms performed on ions, optimisation of long gate sequences as well as the development of new variational algorithms accounting for present error models.

We are grateful to E. Anikin, A. Matveev, and M. Popov for fruitful discussions.

This work was supported by Rosatom in the framework of the Roadmap for Quantum computing (Contract # 868-1.3-15/15-2021 dated October 5).

This is an excerpt of the article “Numerical simulation of the performance of single qubit gates for trapped ions”. Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364022601956

1. C. D. Bruzewicz, J. Chiaverini, R. McConnell, and J. M. Sage, Appl. Phys. Rev. 6, 021314 (2019).

2. I. Pogorelov, T. Feldker, Ch. D. Marciniak, L. Postler, G. Jacob, O. Krieglsteiner, V. Podlesnic, M. Meth, V. Negnevitsky, M. Stadler, B. Höfer, C. Wächter, K. Lakhmanskiy, R. Blatt, P. Schindler, and T. Monz, PRX Quantum 2, 1 (2021).

3. C. Monroe, W. C. Campbell, L.-M. Duan, Z.-X. Gong, A. V. Gorshkov, P. W. Hess, R. Islam, K. Kim, N. M. Linke, G. Pagano, P. Richerme, C. Senko, and N. Y. Yao, Rev. Mod. Phys. 93 (2021).

4. M. Ringbauer, M. Meth, L. Postler, R. Stricker, R. Blatt, P. Schindler, and T. Monz, Nature Phys. 18, 1053 (2022).

5. K. Wright, K. Beck, S. Debnath et al. (Collaboration), Nat. Commun. 10, 1 (2019).

6. P. Zoller and J. I. Cirac, Phys. Rev. Lett. 74, 1 (1995). 7. P. Schindler, D. Nigg, T. Monz, J. T. Barreiro, E. Martinez, S. X. Wang, S. Quint, M. F. Brandl, V. Nebendahl, and C. F. Roos, New J. Phys. 15, 123012 (2013).

8. M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information, 10 ed., Cambridge University Press, Cambridge (2010).

9. H. Häffner, C. Roos, and R. Blatt, Phys. Rep. 469, 155 (2008).

10. R. Blatt and D. Wineland, Nature 453, 1008 (2008). 11. T. P. Harty, D. T. C. Allcock, C. J. Ballance, L. Guidoni, H. A. Janacek, N. M. Linke, D. N. Stacey, and D. M. Lucas, Phys. Rev. Lett. 113, 2 (2014).

12. F. Arute, K. Arya, R. Babbush, et al. (Collaboration), Nature 574, 505 (2019).

13. J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H. Kaplan, A. V. Gorshkov, Z.-X. Gong, and C. Monroe, Nature 551, 601 (2017).

14. J. Benhelm, G. Kirchmair, C. F. Roos, and R. Blatt, Nature Physics 4, 463 (2008).

15. T. Monz, D. Nigg, E. A. Martinez, M. F. Brandl, P. Schindler, R. Rines, S. X. Wang, I. L. Chuang, and R. Blatt, Science 351, 1068 (2016).

16. C. Figgatt, A. Ostrander, N. M. Linke, K. A. Landsman, D. Zhu, D. Maslov, and C. Monroe, Nature 572, 368 (2019).

17. C. Hempel, C. Maier, J. Romero, J. McClean, T. Monz, H. Shen, P. Jurcevic, B. P. Lanyon, P. Love, R. Babbush, A. Aspuru-Guzik, R. Blatt, and C. F. Roos, Phys. Rev. X 8, 031022 (2018).

18. K. K. Mehta, C. Zhang, M. Malinowski, T. L. Nguyen, M. Stadler, and J. P. Home, Nature 586, 533 (2020).

19. R. J. Niffenegger, J. Stuart, C. Sorace-Agaskar, D. Kharas, S. Bramhavar, C. D. Bruzewicz, W. Loh, R. T. Maxson, R. McConnell, D. Reens, G. N. West, J. M. Sage, and J. Chiaverini, Nature 586, 538 (2020).

20. D. Leibfried, R. Blatt, C. Monroe, and D. Wineland, Rev. Mod. Phys. 75, 281 (2003).

21. N. Semenin, A. S. Borisenko, V. Zalivako, I. A. Semerikov, M. D. Aksenov, K. Yu. Khabarova, and N. N. Kolachevsky, JETP Lett. 116(2), 75 (2022).

Письма в ЖЭТФ том 116 вып. 7 – 8 2022 11^∗