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Trapped atomic ions are a versatile platform for studying interactions between spins and bosons
by coupling the internal states of the ions to their motion. Measurement of complex motional states
with multiple modes is challenging, because all motional state populations can only be measured
indirectly through the spin state of ions. Here we present a general method to determine the Fock
state distributions and to reconstruct the density matrix of an arbitrary multi-mode motional state.
We experimentally verify the method using different entangled states of multiple radial modes in a
5-ion chain. This method can be extended to any system with Jaynes-Cummings type interactions.

Introduction.—Trapped atomic ion systems are a flex-
ible platform for quantum simulations. High-fidelity
single-qubit rotations and two-qubit entangling gates
have been realized in trapped ion systems [1-6], enabling
spin-based digital quantum simulations [7-11]. Apart
from digital simulations, the Jaynes-Cummings type in-
teractions between ion spins and motional phonons of the
harmonic potential offer a natural platform for analog
quantum simulations of spin-boson coupling [12-18]. We
can also take advantage of combining discrete and con-
tinuous variables for quantum computation based on en-
coding qubits in bosonic modes [19, 20] and demonstrat-
ing hybrid quantum computation [21, 22]. These appli-
cations require coherent manipulation and measurement
of complex bosonic states, and specifically in trapped-
ion systems, motional states with potentially multiple
modes.

Comparing with qubit spin state which in trapped-
ion systems can be measured with less than 0.1% er-
ror [23-27], the motional Fock state distributions, i.e.,
the probabilities of the state in each motional Fock state
basis, cannot be measured directly: the states need to
be mapped onto qubit spin states. For single-mode mo-
tional states, by driving Jaynes-Cummings type inter-
actions, the Fock state distributions have been charac-
terized [28] and the density matrix as well as Wigner
functions of non-classical motional states have been re-
constructed [29-32]. With multiple motional modes, one
cannot simply measure each mode and then combine the
results, since the entanglement between different modes
will be traced out. Several attempts have been made to
resolve two-mode Fock state distributions and to verify
certain types of entangled two-mode motional states, but
these approaches either introduce overhead from phonon
arithmetic operations and multiple rounds of detection
or are not available for normal modes [33, 34]. Meth-
ods for measuring many-mode Fock states remain under
explored.

Here we propose a general method to efficiently deter-
mine the Fock state distributions of an arbitrary multi-
mode motional state in a trapped-ion system by applying
coherent manipulations and joint qubit state measure-
ment on multiple ions, and experimentally demonstrate
the measurement of the Fock state distributions of differ-
ent two-mode and three-mode motional states. We dis-
cuss the theory of reconstructing the density matrix of a
d-mode motional quantum state by extending the single-
mode result in Ref. [29], and reconstruct the density ma-
trix of a 2-mode motional Bell state. This measurement
requires individual Jaynes-Cummings type interactions
and measurements on n-spins, and is a useful tool for
studying the behavior of multiple bosonic modes in any
system that meets these requirements.

Theory.—We briefly describe the effective Hamiltoni-
ans that drive the coherent manipulations between the
spin states 1) and |}) and motional Fock states |n) of
ions (for a detailed derivation of these Hamiltonians see
Ref. [35]). In the Lamb-Dicke limit where the motion of
the ion is small compared to the laser wavelength, we can
tune the lasers to drive (anti-)Jaynes-Cummings transi-
tions |}) [n) < |1) |n £ 1), namely blue sideband (BSB)
and red sideband (RSB) transitions:

Hpsp =i (0+(1T6i¢b — O'_a€7i¢’7)

(1)
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where o (_) are spin raising(lowering) operators, af(a)
are motional raising(lowering) operators, and , ) and
ér(») are the Rabi frequency and phase of R(B)SB transi-
tions. By applying RSB and BSB transitions simultane-
ously with the same Rabi frequency 2, one can achieve
a spin-state dependent coherent displacement Hamilto-
nian [36]:
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where (bs = (¢b + (br) /2 and (bm = ((bb - ¢r) /2
When the spin state of the ion is the +1-eigenstate of

i (04€' —o_e™"%), the motional state experiences a
displacement operation D (Qte’*™), where t is the total
displacement time. We can apply the operations above to
multiple motional modes and create various non-classical
multi-mode motional states.

After preparing a d-mode motional target state p, we
can measure the Fock state distributions of the state,
th.‘. kg = <1€1 N kd| 14 |k1 cee kd> Here ‘kl s kd> de-
notes the d-mode Fock state basis with k; phonons in the
jth mode. Previous works have obtained 2-mode Fock
state distributions, but this was with the cost of serials
of composite pulses and projection measurements [33].
Based on our ability to do individual gate operations
and detection on each ion, we develop a faster and more
straightforward way to determine the values of P, ... x,.
After the target state is prepared and d ions in the chain
are set to |]) state, we drive BSB transitions of the d
modes on d ions (d-mode BSB) separately with different
Rabi frequencies

d
Hd—mode BSB = Z’LQJ (J+’ja;{ez¢j - a,’jaje_“z’j) (3)
Jj=1

for the same amount of time ¢. For all 2¢ joint spin state
configurations, the probability of measuring the ions in a
certain configuration P (¢) has the form

Pt) =

Z Pk'h JKa HF (4)
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T (t) = cos? (\/kj +1Q;t)  if the j-th spin state is [|)
7 | sin (\/ﬁQ ) if the j-th spin state is [1)
()

Then the values of Py, ...
spin state distribution by using H?:]_Fj (t) as a basis
set. With motional decoherence, Eq. (4) works as an
appropriate approximation when the motional coherence
time 7 > t.

With the ability to fit all Fock state probabil-
ities of a density matrix, we can further deter-
mine the off-diagonal terms of the target state den-
sity matrix. As in Ref. [29], we apply displace-
ment operations D (a) = exp (aa’ — a*a) on each mo-
tional mode with certain displacement amplitudes and
phases, and then measure the Fock state distributions
of the displaced target state Qg,..k, (@1, ,q) =
(k1 kal 15— DI () pT15—y Dy () |1 -+ ka).  Here
D; (o) represents displacement operations on mode j
with displacement amount «;. Assuming the maximum

kg can be fit from this joint

phonon number of the reconstructed state is nmax, we
displace each mode along a circle,

|jlexp i (/N)ps], j=1,---,d  (6)

where N = npax + 1 and p; € {—N,--- ,N —1}. Then
we perform a d-dimensional discrete Fourier transform of
these (2N)? sets of Qr, ... k, (Q1pys -+, Qdp,) and trun-
cate the summation at nyay:
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with
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,d and Pli+ny, - latnany, - ng  —
(i + 1, ,lg+na|p|n1---na) (See derivations in sup-
plementary material). In Eqgs. (7), (8) the values of
Qky,ooe g (@1 pyy -+ s Qg p,) come from d-mode BSB fit-

ting and 'y,(clrz are known once the displacement distances
|o;| are fixed. Therefore each element in the target state
density matrix P, yn,),.. (ly+na)ni,-,ng Can be recon-
structed [37]. In reality we set a maximum cutoff Kp,ax
in Eq. (4) based on the expected input state maximum
phonon number to avoid infinite summation, which sat-
isfies kmax = Mmax since displacement operations can po-
tentially increase the maximum phonon number of inter-
est.

Ezperiment.—We experimentally verify the d-mode
BSB fitting method for d = 2 and 3 and the density ma-
trix reconstruction method for d = 2. The detailed hard-
ware and firmware setup is described in Ref. [3, 38]. As is
shown in Fig. 1, a 5-ion '"'Yb™ chain with an average ion
separation of about 5 pm is confined in a micro-fabricated
linear radio-frequency Paul trap [39] with radial motional
modes w ~ 2.3 MHz. To avoid cross coupling between
the modes and to reduce the heating effect, the zig-zag
mode and the third radial mode are selected for 2-mode
motional state preparation and measurement, with a fre-
quency separation of about 85 kHz. For 3-mode mo-
tional states we also drive the fourth radial mode, which
is about 50 kHz away from zig-zag mode. The qubit

where ¢ = 1,---



rotations and ion-motion coupling transitions are driven
by stimulated Raman transitions using two orthogonal
mode-locked 355 nm picosecond-pulsed laser beams. One
elliptical global beam is shined on all ions and two indi-
vidual addressing beams are tightly focused onto the sec-
ond and third ions and can be steered across the chain
to address the other ions using microelectromechanical
system tilting mirrors.
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FIG. 1. (a) Schematic diagram of our surface trap and Ra-
man beam configurations (not to scale). The two individual
addressing beams are focused on the second and third in the
chain and can be tilted to address different ions. (b) Coupling
strength of zig-zag mode, the fourth and the third radial mode
to each ion, with the middle three ions highlighted in dark
blue color. To measure the Fock state population related to a
certain mode, we select the ion with comparatively large cou-
pling strength to avoid slow sideband Rabi oscillations. (c)
Generation sequences of motional Bell state (|00) + |11)) /v/2
using sideband transitions on different modes.

At the start of the experiment, the ions are laser cooled
using Doppler and EIT cooling to n ~ 0.3, then the
modes used for experiment are further sideband cooled
to the motional ground state (7 ~ 0.03). The tar-
get motional states are prepared by driving carrier, mo-
tional sideband transitions and push operations of dif-
ferent modes on certain ions (See supplementary mate-
rial), and an example of generating motional Bell state
(]00) + |11)) /+/2 is illustrated in Fig. 1(c). The coher-
ent displacement operation with controlled distance and
phase is realized by applying the Hamiltonian in Eq. (2)
with the ion spin rotated to the +1-eigenstate of Eq. (2).
The displacement distance is calibrated by applying the
displacement operator to a motional ground state, then
measuring the Cummings collapse and revival of BSB
transition and fitting to a coherent state [28]. After ap-
plying the coherent displacement operation the ion spin
is rotated back to |]) state. Finally we drive the 2(3)-
mode BSB transition and all joint spin state distributions
are recorded. The 2-mode BSB transition is driven by in-
dividual Raman beams addressing the second and third

ions, and the 3-mode BSB transition requires steering one
individual Raman beam onto the fourth ion. Once the
sideband Rabi frequencies of different modes on different
ions are calibrated, the Fock state distributions Py, ... x,
of either the target state or the displaced target state
can be found using the d-mode BSB fitting method as
described.

We demonstrate the 2-mode BSB fitting by measur-
ing the Fock state distribution of various 2-mode mo-
tional states. In Fig. 2 we show the 2-mode BSB time
scan curves and Fock state distribution fitting results of
motional Bell states (|00) 4 [11)) /v/2, (|01) + [10)) /v/2,
and the product of two coherent states |ay) |ae), where
|ag| = 0.56 and |az| = 0.53 are fitted from single-mode
BSB time scan curve. Here we truncate at kpn.x = 3 to
cover most non-zero Fock state distributions while not
overfitting the data. The uncertainties of Py, 1, are ex-
tracted from the covariance matrix of least square fitting.
The fitting result of Py, r, shows an agreement with the
expected values within one standard deviation, thereby
proving that the 2-mode BSB fit method works properly.

To verify the 3-mode BSB fitting, we prepare a mo-
tional W-state (|100) + [010) + |001)) /+/3 then measure
the 3-mode Fock state probabilities. Fig. (3) shows the
time scan curve and the Fock state distribution fitting re-
sults. For the fitting we select the Fock state basis that
is at most one phonon different from |100), |010) and
|001) to avoid overfitting, and the fitting result shows an
agreement with the ideal case within one standard de-
viation. In the Supplementary Materials, we use parity
scans to show the entangled nature of the state. This re-
sult verifies that for higher number of motional modes the
multi-mode BSB fitting can still extract the Fock state
distributions. To reduce the uncertainties of the Fock
state distribution result, one can repeat the experimental
sequence for more times to obtain data sets with smaller
errorbar and less influence from random fluctuations.

We further reconstruct the density matrix of motional
Bell state (]00) + 4 |11)) /v/2 up t0 Nmax = 1. To realize
this measurement we apply 16 pairs of displacement op-
erations on 2 modes with different angles in phase spaces
then measure phonon state populations Qg k, (o1, @2).
From all values of Qg, , (a1, a2), we use Eq. (7)(8) to re-
construct the density matrix. In Fig. 4 we show the real
and imaginary part of the reconstructed density matrix
of (|00) +4|11)) /+/2 with the uncertainties of each ele-
ment. The reconstructed density matrix has the expected
behavior poo,11 = —p11,00 = 0.40(4)i, poo,00 = 0.41(5)
and p11,11 = 0.51(12), and achieves a fidelity of 0.87(11)
including all state preparation and measurement error.
The result shows a significant entanglement between two
motional modes, which cannot be extracted from projec-
tion measurements on a single mode. Notice that the
reconstruction process does not guarantee the positive
semi-definiteness of final density matrix, which is mostly
caused by non-ideal fitting of Qg, k, (a1, a2). If we cal-
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FIG. 2. 2-mode BSB fitting results for (|00) 4+ |11)) /v/2, (]01) + |10)) /v/2, and |a1) |a2). In (al) (a2) and (a3), the joint spin
state distributions Py, P4, Pry, Pyp (dots) and the curve of ideal case (lines) are plotted. Each point is averaged over 100
experiments and the errorbars denote one standard deviation. The Fock state distribution fitting results with uncertainties
(blue) are shown in (bl) (b2) and (b3) along with the ideal case (orange). Within the uncertainties, the fitting values of Py, i,

match with the expected values.
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FIG. 3. 3-mode BSB time scan and fitting results for a mo-
tional W-state (|100) 4 |010) + |001)) /+/3. In (a), the time
scan curve for all 8 configurations of the three-ion joint spin
state distributions are plotted together with the ideal curve
and each data point is averaged over 400 experiments. The
Fock state population fitting results along with infidelities
(blue) and the ideal case (orange) are show in (b). The fit-
ting results show a population close to 1/3 in |001), |010) and
|100), and all other state populations are close to 0.

culate the covariance matrix of the final density matrix
elements based on that of 2-mode BSB fitting and ex-
tract the uncertainties, then within the uncertainties we
can find a positive semi-definite density matrix that is
closest to the reconstructed state.

(a) Real part (b)

Imaginary part

FIG. 4. Reconstructed density matrix of (]00) 4 i|11))/v/2.
The state was displaced by |a1| = 0.52 and |az| = 0.51. In the
real part (a) we observe a population of close to 0.5 on poo,00
and p11,11 while in the imaginary part (b) the off-diagonal
term poo,11 and p11,00 has opposite signs and amplitudes close
to 0.5. All other components in real and imaginary part are
close to 0.

Outlook.—Generally, to extract the Fock state pop-
ulations, the number of fitting parameters scales as
O ((k,mx)d)7 and to reconstruct the full density matrix,

(2nmax + 2)d sets of displacement operations with dif-
ferent push directions in phase spaces are required. In
practice, as kmax, Mmax and d scale up, the risk of over-
fitting increases, thus introducing larger uncertainties in
the final reconstructed density matrix. However, the to-



tal number of parameters for reconstruction has the same
order of magnitude as that of free parameters in a d-mode
motional density matrix with maximum phonon number
cutoff nypax, (nmaX)Qd — 1, therefore this reconstruction
method is efficient for the general case. For more spe-
cific cases such as low-rank target states, methods such
as compressed sensing [40] and sample-optimal tomogra-
phy [41] can potentially achieve a better scaling on total
measurement effort.

The reconstruction method can be implemented in
any system that has Jaynes-Cummings type interactions,
such as circuit QED [42, 43] and optomechanical sys-
tems [44, 45]. For the experiments in which multi-mode
Fock state distribution is of interest, such as phononic
boson sampling [46], the multi-mode BSB fitting method
can be of great benefit.

We thank Shilin Huang and Brad Bondurant for help-
ful discussion. This work is supported by the Office of
the Director of National Intelligence - Intelligence Ad-
vanced Research Projects Activity through ARO Con-
tract No. W911NF-16-1-0082 (experimental setup), Na-
tional Science Foundation STAQ Project No. Phy-
181891 (trapped-ion simulation), the U.S. Department
of Energy (DOE), Office of Advanced Scientific Comput-
ing Research award DE-SC0019294 (trapped-ion tomog-
raphy), DOE Basic Energy Sciences Award DE-0019449
(spin-motion pulses) and ARO MURI grant W911NF-18-
1-0218 (distributed measurement protocol).

* zhubing.jia@duke.edu

' wang.ye.phy@gmail.com

 Present address: Department of Electrical and Computer
Engineering, Princeton University, Princeton, NJ 08544,
USA

§ ken.brown@duke.edu

[1] C. J. Ballance, T. P. Harty, N. M. Linke, M. A. Sepiol,
and D. M. Lucas, Phys. Rev. Lett. 117, 060504 (2016).

[2] J. P. Gaebler, T. R. Tan, Y. Lin, Y. Wan, R. Bowler,
A. C. Keith, S. Glancy, K. Coakley, E. Knill, D. Leibfried,
and D. J. Wineland, Phys. Rev. Lett. 117, 060505 (2016).

[3] Y. Wang, S. Crain, C. Fang, B. Zhang, S. Huang,
Q. Liang, P. H. Leung, K. R. Brown, and J. Kim, Phys.
Rev. Lett. 125, 150505 (2020).

[4] C. R. Clark, H. N. Tinkey, B. C. Sawyer, A. M. Meier,
K. A. Burkhardt, C. M. Seck, C. M. Shappert, N. D.
Guise, C. E. Volin, S. D. Fallek, H. T. Hayden, W. G. Rel-
lergert, and K. R. Brown, Phys. Rev. Lett. 127, 130505
(2021).

[5] C. H. Baldwin, B. J. Bjork, M. Foss-Feig, J. P. Gae-
bler, D. Hayes, M. G. Kokish, C. Langer, J. A. Sedlacek,
D. Stack, and G. Vittorini, Phys. Rev. A 103, 012603
(2021).

[6] R. Srinivas, S. Burd, H. Knaack, R. Sutherland,
A. Kwiatkowski, S. Glancy, E. Knill, D. Wineland,
D. Leibfried, A. C. Wilson, et al., Nature 597, 209 (2021).

[7] K. A. Landsman, C. Figgatt, T. Schuster, N. M. Linke,

B. Yoshida, N. Y. Yao, and C. Monroe, Nature 567, 61

(2019).

Y. Nam, J.-S. Chen, N. C. Pisenti, K. Wright, C. De-

laney, D. Maslov, K. R. Brown, S. Allen, J. M. Amini,

J. Apisdorf, et al., npj Quantum Information 6, 1 (2020).

[9] 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, 025001 (2021).

[10] B. P. Lanyon, C. Hempel, D. Nigg, M. Miiller, R. Ger-
ritsma, F. Zahringer, P. Schindler, J. T. Barreiro,
M. Rambach, G. Kirchmair, et al., Science 334, 57
(2011).

[11] E. Altman, K. R. Brown, G. Carleo, L. D. Carr, E. Dem-
ler, C. Chin, B. DeMarco, S. E. Economou, M. A. Eriks-
son, K.-M. C. Fu, M. Greiner, K. R. Hazzard, R. G.
Hulet, A. J. Kolldr, B. L. Lev, M. D. Lukin, R. Ma,
X. Mi, S. Misra, C. Monroe, K. Murch, Z. Nazario, K.-K.
Ni, A. C. Potter, P. Roushan, M. Saffman, M. Schleier-
Smith, I. Siddiqi, R. Simmonds, M. Singh, I. Spielman,
K. Temme, D. S. Weiss, J. Vuckovié, V. Vuletié, J. Ye,
and M. Zwierlein, PRX Quantum 2, 017003 (2021).

[12] D. Porras, P. A. Ivanov, and F. Schmidt-Kaler, Phys.
Rev. Lett. 108, 235701 (2012).

[13] K. Toyoda, R. Hiji, A. Noguchi, and S. Urabe, Nature
527, 74 (2015).

[14] D. J. Gorman, B. Hemmerling, E. Megidish, S. A.
Moeller, P. Schindler, M. Sarovar, and H. Haeffner, Phys.
Rev. X 8, 011038 (2018).

[15] X. Zhang, K. Zhang, Y. Shen, S. Zhang, J.-N. Zhang,
M.-H. Yung, J. Casanova, J. S. Pedernales, L.. Lamata,
E. Solano, et al., Nature communications 9, 1 (2018).

[16] D. Lv, S. An, Z. Liu, J.-N. Zhang, J. S. Pedernales,
L. Lamata, E. Solano, and K. Kim, Phys. Rev. X 8,
021027 (2018).

[17] Q. Mei, B. Li, Y. Wu, M. Cai, Y. Wang, L. Yao, Z. Zhou,
and L. Duan, arXiv preprint arXiv:2110.03227 (2021).

[18] M.-L. Cai, Z.-D. Liu, W.-D. Zhao, Y.-K. Wu, Q.-X. Mei,
Y. Jiang, L. He, X. Zhang, Z.-C. Zhou, and L.-M. Duan,
Nature communications 12, 1 (2021).

[19] D. Gottesman, A. Kitaev, and J. Preskill, Phys. Rev. A
64, 012310 (2001).

[20] C. Fliihmann, T. L. Nguyen, M. Marinelli, V. Negnevit-
sky, K. Mehta, and J. Home, Nature 566, 513 (2019).

[21] L. Ortiz-Gutiérrez, B. Gabrielly, L. F. Muifioz, K. T.
Pereira, J. G. Filgueiras, and A. S. Villar, Optics Com-
munications 397, 166 (2017).

[22] H. C. J. Gan, G. Maslennikov, K.-W. Tseng, C. Nguyen,
and D. Matsukevich, Phys. Rev. Lett. 124, 170502
(2020).

[23] S. Olmschenk, K. C. Younge, D. L. Moehring, D. N. Mat-
sukevich, P. Maunz, and C. Monroe, Phys. Rev. A 76,
052314 (2007).

[24] R. Noek, G. Vrijsen, D. Gaultney, E. Mount, T. Kim,
P. Maunz, and J. Kim, Optics letters 38, 4735 (2013).

[25] 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, 220501 (2014).

[26] A. H. Myerson, D. J. Szwer, S. C. Webster, D. T. C.
Allcock, M. J. Curtis, G. Imreh, J. A. Sherman, D. N.
Stacey, A. M. Steane, and D. M. Lucas, Phys. Rev. Lett.
100, 200502 (2008).

[27] S. L. Todaro, V. B. Verma, K. C. McCormick, D. T. C.
Allcock, R. P. Mirin, D. J. Wineland, S. W. Nam, A. C.

8



Wilson, D. Leibfried, and D. H. Slichter, Phys. Rev.
Lett. 126, 010501 (2021).

[28] D. M. Meekhof, C. Monroe, B. E. King, W. M. Itano,
and D. J. Wineland, Phys. Rev. Lett. 76, 1796 (1996).

[29] D. Leibfried, D. M. Meekhof, B. E. King, C. Monroe,
W. M. Itano, and D. J. Wineland, Phys. Rev. Lett. 77,
4281 (1996).

[30] D. Kienzler, C. Flihmann, V. Negnevitsky, H.-Y. Lo,
M. Marinelli, D. Nadlinger, and J. P. Home, Phys. Rev.
Lett. 116, 140402 (2016).

[31] M. Um, J. Zhang, D. Lv, Y. Lu, S. An, J.-N. Zhang,
H. Nha, M. Kim, and K. Kim, Nature communications
7,1 (2016).

[32] D. Lv, S. An, M. Um, J. Zhang, J.-N. Zhang, M. S. Kim,
and K. Kim, Phys. Rev. A 95, 043813 (2017).

[33] J. Zhang, M. Um, D. Lv, J.-N. Zhang, L.-M. Duan, and
K. Kim, Phys. Rev. Lett. 121, 160502 (2018).

[34] R. Ohira, T. Mukaiyama, and K. Toyoda, Phys. Rev. A
100, 060301 (2019).

[35] D. J. Wineland, C. Monroe, W. M. Itano, D. Leibfried,
B. E. King, and D. M. Meekhof, Journal of research of
the National Institute of Standards and Technology 103,
259 (1998).

[36] C. Monroe, D. Meekhof, B. King, and D. J. Wineland,
Science 272, 1131 (1996).

[37] B. Zhang, Improving Circuit Performance in a Trapped-
Ion Quantum Computer, Ph.D. thesis, Duke University
(2021).

[38] D. Lobser, P. Maunz, J. Van Der Wall, and USDOE,
“Octet: A coherent qubit control system for trapped-ion
quantum computers,” (2020).

[39] M. C. Revelle, arXiv preprint arXiv:2009.02398 (2020).

[40] D. Gross, Y.-K. Liu, S. T. Flammia, S. Becker, and
J. Eisert, Phys. Rev. Lett. 105, 150401 (2010).

[41] J. Haah, A. W. Harrow, Z. Ji, X. Wu, and N. Yu, IEEE
Transactions on Information Theory 63, 5628 (2017).

[42] H. Wang, M. Mariantoni, R. C. Bialczak, M. Lenan-
der, E. Lucero, M. Neeley, A. D. O’Connell, D. Sank,
M. Weides, J. Wenner, T. Yamamoto, Y. Yin, J. Zhao,
J. M. Martinis, and A. N. Cleland, Phys. Rev. Lett. 106,
060401 (2011).

[43] Q.-P. Su, C.-P. Yang, and S.-B. Zheng, Scientific reports
4,1 (2014).

[44] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt,
Rev. Mod. Phys. 86, 1391 (2014).

[45] E. A. Wollack, A. Y. Cleland, R. G. Gruenke, Z. Wang,
P. Arrangoiz-Arriola, and A. H. Safavi-Naeini, arXiv
preprint arXiv:2110.07561 (2021).

[46] C. Shen, Z. Zhang, and L.-M. Duan, Phys. Rev. Lett.
112, 050504 (2014).



