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Fig. 2. Eigenfrequencies of the transverse and axial modes
of the 5ions in trap: (a) Eigenfrequencies of transverse
modes and eigenmode vectors, bmy,(m =1 —5) represents
the size of the 5 ions away from the equilibrium position zg,
d is the detuning in stimulated Raman transition; (b) simu-

lated eigenfrequency spectra of transverse and axial modes.
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Fig. 5. The energy level transition in Mglmer-Sgrensen gate.
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ing of each sideband.
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B LR RAT, RIEOCR T B 1 iz sh™
AR TS Tz sh AR A LS B 20 E X Lamb-
Dicke 28 n = Akxo, WK T 0L BT AT 2 S 1E
zo(a+ab). AT TRBOLIK b e 50U A TiE #
I, B BK o) Bk SEAR S HL A/ T R T 80 Bl A
B, Beea bl DAE A —4> 6 pR 20 PR dn 2R —
ASBKITE to I 20 BR RS 1, WA RICR Q12(t) ~
OO (t — to) . PRIIHL—XF fok o[l ik et S5 39 5 ) S F)
LA g (2020

U(r) = exp (—i /0 ' He(t)dt>

= > {"1.(0)e" 2 D(inn)sy.  (24)
AT LU ) — % ok o 7 B G 21) B B AL S R T
B e B o H B 2 A A DI RS AT
D(inn) WIE TR 5200 {H 2 A0 RAEE Sl — X ik
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AR B A Zoad — % Bk o 09 VR S 56 42 1T g
AR TFE— AR B B L. SE8e T aT DL d it A
XS Ik 2 T A 4 B[] ] I 18 D' Jok v e 270 > S
I SDK, B ok b 1 bk b 2z [ 4 i [ (] B Ay ¢, D)
O K 77 5 S T A A Ay 126
U=U,...UUUs, (25)
Ho Uy = e i(mpalatund= /2t B4 5t i sh 22 [6] F1
HALELT.
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HAE SDK BAHEHT A e N [1) I A5 +n I 5)
AL, W AREALT) , W A RER N 1) IF 3RS
—n SR ANE 6(a). PIESF1Y SDK HAF 24
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(b) Ion chain

@
bomar - @
NNAN O NN
@ romen
@

K6 HARKBNSIEEE  (a) AR A BRI TEA 2 )
BEEE RS T R, 20 R AR 1), A RARE S,
(b) FBTRIK w3 51 B S 8 57 A2 1 MO ) ) b e B

Fig. 6. Spin-dependent momentum transfer: (a) Different

spin states are transferred in different directions in phase
space, red circle represents |1) state and blue circle repres-
ents ||) state; (b) ultrafast pulse trains irradiate ions and

produce spin-dependent momentum transfer.
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Fig. 7. Schematic of laser linewidth covering several eigen-

frequencies.
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Fig. 8. Simulation result of laser amplitude modulation
when gate time is 200 ps and detuning ¢ is 3.0318 MHz.
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Fig. 9. The motional state trajectories of the five vibration modes in phase space: (a) Mode 1, line frequency is 3.058 MHz;
(b) Mode 2, line frequency is 3.047 MHz; (c) Mode 3, line frequency is 3.0209 MHz; (d) Mode 4, line frequency is 2.9936 MHz;
(e) Mode 5, line frequency is 2.9611 MHz.
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SPECIAL TOPIC—Non-equilibrium quantum many-body systems

Phonon-mediated many-body quantum entanglement and
logic gates in ion traps”
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Abstract

The high-fidelity multi-ion entangled states and quantum gates are the basis for trapped-ion quantum
computing. Among the developed quantum gate schemes, Mglmer-Sgrensen gate is a relatively mature
experimental technique to realize multi-ion entanglement and quantum logic gates. In recent years, there have
also been schemes to realize ultrafast quantum entanglement and quantum logic gates that operate outside the
Lamb-Dicke regime by designing ultrafast laser pulse sequences. In such a many-body quantum system, these
entanglement gates couple the spin states between ions by driving either the phonon energy level or the
motional state of the ion chain. To improve the fidelity of quantum gates, the modulated laser pulses or the
appropriately designed pulse sequences are applied to decouple the multi-mode motional states. In this review,
we summarize and analyze the essential aspects of realizing these entanglement gates from both theoretical and
experimental points of view. We also reveal that the basic physical process of realizing quantum gates is to
utilize nonlinear interactions in non-equilibrium processes through driving the motional states of an ion chain
with laser fields.

Keywords: trapped-ion quantum computing, quantum gate, quantum entanglement, spin-dependent interaction
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