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Fig. 2. Four-rod trap: (a) Unsegmented four-rod trap re-

quires end cap electrodes to provide axial confinement 10

;
(b) segmented four-rod trap uses the segmented electrodes

to provide axial confinement12,
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N, UANSASEGEE T F 18 % 7E Macor Fij % 228 I,
¥ —A~J1 B, B RSE 347 mm. A )
— X 4 T AR Y s i PR A B AR ) F R (2
2000 V), ¥l [ 28t 0 [RE 4548 T DL 55 15 X0 4l
LB & SRR R, DA INR BRI B T
Y. SIRAE W ik, Horh—AR T
ELH7 I, D3 AMEE PR KT . B+57]
1A HE 0.8 mm, Ure i 1000 V 2247, TAEHF
23.5 MHz. X B R ARSI . PR LS
oA 7K, AR m S AR AT I8 24 MHz, RE
INERECF AN BT 0 R S5 (045 B ELA 5 5 138 '
PERE; BB b, REAEAMEE R+ 1Y iz 5));
R < 10 A5 FRRD. SO 7 BFh FHEA L
RAPE R RS T B KRB, #FK A Innsbruck
KBTI BE. T B R G 0 G R A ZE R
Rainer Blatt ZH7E 2011 4F A8 1 0K 2ieadk: ¥ 5+

6.0

................................. NFisg
................................. o 8

30.0

electrodes

[ 3 Innsbruck A9 JJ v BFOY  (a) 2H 26 J5 A9 1 B SE )
P (b) BB A&

Fig. 3. Innsbruck style blade ion trap: (a) Photograph of an
assembled blade trap; (b) dimensions and structure of the

trap.

55717181 FE4E 55 % 565 pm, Dh3RAS B AR 1)
FHIR FE v IE H A A A 0.5 mm AT
FLAR, DAEAE S ) BREPIOG, T1Ks s iE f Ak ] BE A
5 mm /N 4.5 mm; i H S L4 P4 RF
LB LR B e 4 1)) (Er 2 e e 23 77 A 28 Tk
WY, SR RegL. A1 R G i A Rk
IR EERT )2 R A A NS /-5 § P36
PG FE G DY) E 2017 4F Rainer Blatt 2H
TEJEA BT SEaE b SOUSCT an R et (A
AAER ST BRI Macor M8 M VLHEL S A1
PR Ik R K, (R4 IR T R B 48 SRR i AN 45
TIR; TR R m e 10 um 4)2, A F TN I F
AR A ) FRARER S 1001 A ) TR T 540
Hr= A RN (AR T 5.1 eV, AN
WA 4.4 eV, 435X 243 nm #1282 nm )T
fig 11 )00 i S Bl ) Iy 1.32(2) 2
37(2) MR FER. X — RS, Innsbruck
KT B —Fh 2 1h) g PERBIL R L BT it iR
FE M FBEEEHE. A1 F AQT Frig iy kAt
B BRI R R AL R E R A i, R
JIr s (O S, Sk | $E ] 3R G A AR B
A~ 19 Gt LR 48.100],

Maryland K 2% ) Christopher Monroe ZH 7£
2013 AF T T —Fhor BeaU 70 BBk, aniEl 4 Fos.
HATASEE VR 26 ol Y s F A, T2 DC T
B B, Hrp R AME R DC AR AT DA S B A )
dea. PN TIF R 500 pm JER Y, 8O
YIEIH UANSE 50 pm 4%, 761 I RY 250 pm /Y
FoB. ACRTYE 4, Je289% 10 nm BYEKERT 1 pm
B4 2, AT DR 4 r= AR R 4 )2 . Horp
RF J) 8885 4, F B B34, 1 DC HL
W g — 53, T8 B AN ST (A L. L ERT, P
AT R E R R 2R T BB DC HLRAR A —
A~ 820 pF WP & L 25 5 AR, LI/ DC J) R
OB () S A . 0 R B AR A A A X3
1215 um x 539 um , B85 FHL M2 660 pm. X
Pl ) R BIEEA A2 247 Il A e, AR TSR
[ BRI B & . 765 Rk eIt Mg
DC K M 250 pm #4H1E 10 mm, A T
753 RF ML el m 4 5), i/ RE By%tia) Hi 3743
G REE 3 1617, EX AN BB, Debnath
S5 B RUR T — A 4 7 1Y 0 b A T g i i T
ML
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[ 4 Maryland 4715 BF 2 (a) 23-BETT v BEES R 1EL. 23 BETT 3 8540 AN AURT DL B ALk SR 2, 3 BE A% S SR TR e 3, ST 2
S ESFIEER. (b) 18 75— D JT A BE, K DC A BAR B9 B2 250 wm 38N ZE 10 mm, I8/ RF 784 11 ) B 37 93 4 (11617

Fig. 4. Maryland style blade ion trapl?: (a) Structure of segmented blade ion trap. The segmented blade not only can provide axial

confinement, but also generate non-quadratic axial potential to achieve uniform ion distance; (b) in another blade ion trap, the out-

most segment is increased to 10 mm from 250 um in order to reduce the residual RF electric field along the axial direction

J1 R BFRESETE 24 T I S A R I B ALAR,
OO T B F Bk 28 G E . —Jy T 75 2t R4k
TEFLAE MY IR B 15, S A5 I A
B R B FLAR I S R A WSS R 3 5, 3
A NA>0.3 f5E, TAREEIAE 1040 mm (17,
37 T, X B B ka7 Sk R AU
LR RO R BBV T B FRBE. S EUE AL
P T AR R B 2R B S W] e M AE I 1 11
T Y 42 8 128 I R 48 H BB AE — sl
A ERAREREE. i, AT
I R L P R (Sl P AR A S S g (119121
RS g 122123 SER it ARG I B (i FLAR . HaX R
KGN T RGERYSE A, i LT A N A
IR R §e. 5000 I, &R AR T4 T .
e LS AW T4 R i & s
I FIBUCZ 1. 0 4 a2 I B D= 1
AT LI, HSCRBELLE— 40/, M2 T,
FEVR IR Z rh iy TR 30 2 s R A g g 4 it
o e LA PR (124200 A g 3 s s rh ] 250 J T
RER, DG S BCE G R A B AN  J FE A
HBE 2R AR LA R 126227) FErp [F R BOR K
) R BE RSB T 0 A BRI 5 S
546 QlE 5 TR, B 3RS A i R
30mm x 30mm x 100mm , JEE 4 mm, NFR N
22mm x 22mm x 92mm, BT 5 E oS fEAh A H
A 15 mm. B8 T] R b ala se LS, i
LA 8 um 4:)7. DC LR FHEOE DI R R 11 4 )%
SCL LB, A = BESERE D 250 pm, BB [E]
B% 20 wm. PN T) R AHABERTHIJE fA R 82.6° Fl1 37.4°
Xt R AUEFLAR S50 NA = 0.66 Fil NA = 0.32010%,

[116,117]

KRG PO AT L S22 BT A, —
I T 9O, 5 —AJ5 1Al LASEBEa] Sk
R R (128 1900, B I AL O B R A R ZS R T
ST T R RN 9%, I ARR BV TSR AR it
TR 2 1] 545699,

KT BE B R RS SRR AT A
SEADEEE, e B 7B bt a5 4 00, ek
Je— P e IR LA BE 125151 e I R G,
DR T LASE BT (8 — 23] = ZEfRg1) (126,125,120 152-134],
A CHEH] T8 7Bk, RERESEBLIAANES TRy 4D A
R 109.155.1561 36 G oy T ol Bl U AR ] A 0871581,

B 5 EBEREAR KT R (a) R T E
25 T P Y 0 R B, 7 EL I ) SR [ IS0 S NA |kl
0.32 A9 91 B3 AT A~ NA Sk 0.66 B4 BT ; (b) TJ A B A S5 44 .
IR R Rl A DE, RIEA 8 pm £ )2, DC IR &
T PO N TRk B

Fig. 5. The blade ion trap used in University of Science and
Technology of China [1%: (a) A blade ion trap is placed in a
glass vacuum cell. Two objectives with a maximum NA of
0.32 and another two objectives with a maximum NA of
0.66 are allowed to be used simultaneously. (b) The struc-
ture of the blade ion trap. The blades are made from fused
silica and coated with a 8 um gold layer. The surface gold
of the DC electrodes is segmented into five using laser cut-
ting.
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TN E R, SCEANAT DU T HE I 2 5 1Y
FasE P, M REfS SR — B FHE AN R E R T AT
e 39-192] AR T s B AT TRk

YL B A B B S ORAT IR R 4 A PRt
TR g Y A (] 1591145 199] 4B B 5O A FP O
55 AUH B THE T2 Ot I R 50 1) ik
REAS S22+ 5 B A ool & (1150 F T iR
L3l 7 2 B 5 BAT 10U BRI, D62 B 4R A E 15
FBE AR T RIME. BRI 3 A B I
K, AT 5 Ml T s s rh, 3T Bk
PN, (HIRE K K R EE KRR BRI/
MRS REL, M ADEEFRIER FP Rt A 3k
H /NIRRT LSRR A (A
e RGE A LA THOK, 2R R 2
X B F s AR KR P SR 1R T
— S B 5O IR A S IR SA S EL. B 6
JEoR T JLFh S BOGET I 1 B T B E5# . 18] 6(a) H,
Innsbruck F2FMADEEISILEE BT & Hi 17 854 nm
JF, i S 2 A5l 1550 nm BOGF, 7RG
L ERE T 50 km 1528 TR MM, % &
GEILIL T 50% BTSSR 25% B T4
BE. Sussex KA IRSEH T A T 5624 1%
R A 090 8] 6(b) k1 Sussex K2F 145 T Bk
T e, e s — il & mE B E i E T RF
FLAR PNER, P I 4 8 4 AT LUAG 3 62 I i L AT
e F it B R AT DA B i . ALY RE
FE AR 7 A ) A B AT LR SR RS 25 - [N AE TR DG 2 i

UGB AR B PUAR LR AT LRI I DC L
I RF #3, Hoip RF 375 A] DK B 74 1 R 2
B, UG oz Sl 92 B RS 1 RIS A 5
1901922020 4F, Aarhus R AT AT AL T
BT ARG R SRR, WA 6(c)—(e) BT,
AT A 11.8 mm By G2 ks, ] LI
i —AERS TR T R — ARy, TR i O IT
KA BT BIAH AR

4.3 ZHERERH

IR B R R R i, RAEE SR T
T NS, JOIkSEBL s F I B R 3l s LA S
It R TP RETI B AR R, R AR AY
S5k, AT IR T = 4Ets Fr B 57 =40
BB R SF A F 22 W (macroscopic) B - BIF FI
W (microscopic) BB ], a] LRI 24 W
(mesoscopic) B F-BF. 7548 2% R R R TH 9% 4
SO H AT U0 mT LAl o5t 43 Be it 44 22
J25r Be i S A B TE S =4 B, B RA
Bt A AR L RS 1 R AR A AL, RERSAR LS
H S B ES THE A 23 B L B RS R O 00161 {H X A
BT PRI R IR AR BN S AR, W ST TN T A
e, DR AL B A

SIS B TR 2 1) =4k ts BRG] 7
7N ZBEE 11 R R MRS, 43k TOURR B
B, #5721, FAMERRE, d)E 2, BaEdln
W2, dazg)z 3, THEHIHMZ, £%)E 4, T M

F 1 FOCEIES N SEL, R A SCHR [105)

Table 1. Structural parameters of capillary of different kind of fluid.

2% 3k PR JEK /um [T 242 /um B /nm R /um biEa )iy
[153] Walther 6000 10000 Ca-397 24 3000
[149] Blatt 21000 25000 Ca-729 54 35000

[146, 147] Walther 8000 10000 Ca-866 37 49000

[16, 154] Blatt 19980 10000 Ca-866 13 70000
[148] Chuang 50000 50000 Sr-422 57.9 25600
[145] Vuletic 22000 25000 Yb-369 38 12500
[155] Monroe 2126 25000 Yb-369 25 3790 — 1490

(93] Blatt 19900 9980 Ca-866 12.3 54000
[156] Kurtsiefer 11000 5500 Rb-780 2.4 603
[157] Kohl 230 390 Yb-935 7 1000
[158] Kohl 150 300 Yb-935 6.1 20000
[159] Kohl 150 200 Yb-935 3.1 1140 —207
[143] Keller 367 560 Ca-866 8.5 48000
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Sa) Ton cavity node (c) —— (d)
| y ..
Ton trap 100 pm)

100 pm

K6 JtEBEBE  (a) Innsbruck K2ZBOEE BB 0. B 7 % 1Y 854 nm J6 T4 50% HIMERGOL P WL, I Pl e i (5
P 1550 nm BIOE T, (b) Sussex KRG B, 2 B R T8 1 5 R A SR A5 149, () Aarhus RERITE FBF. —H 4
) Z Ot (RP) HI T Doppler ¥ IG5, &G B 70T LIFE CCD LR, St s (CM)W il il &, Il -F# & (PZT) ¥R
(CM) FiE 2 5 8l 1n) RP eItk (d) 046 A m RP OB, BB 7 B b Y K20 6,400 £ 200 1B T 28K = . (e) KHIAR 1A 7Y
RP )6, RAT G i ad RP OGHE, &b T HE P A9 536 + 18 AN T 1T LAIE &6, T 76 s A1 5 8 7 1 A 245 14

Fig. 6. Ton traps with integrated optical cavities: (a) Integrated optical cavity trap in University of Innsbruck . 50% of the 854-nm
photons emitted from the ion can be collected by the cavity, and are converted to a communication wavelength of 1550 nm. (b) In-
tegrated optical cavity trap in Sussex University. This trap demonstrated the first strong coupling between the ions and the cavity
mode. (c) Ion trap in Aarhus University. The cavity mirror (CM) is along the axial direction, A pumping beam in the radial direc-
tion is used to pump the ions back into the Doppler cooling cycle. These ions can be imaged on the CCD. A Piezo-electric Trans-
ducer (PZT) is used to actively lock the optical cavity in resonance with the RP laser. (d) When the radial RP laser is on, the en-
tire crystal of approximately 6,400 &+ 200 ions are all bright. (d) When the radial RP is off, only the 536 + 18 ions in the cavity

are bright. The ions outside the cavity are in dark state [14,

SO\ OO e
NN
S

dc electrodes

1 2 3 4 567 8 9101112 13 14 15
Load Exp s/s Exp s/s Exp Load
I rf electrode |

7 SRBEHICREL TR 1 = 4y Bk oy

Fig. 7. Three dimensional (3D) microfabricated ion Trap chip in ETH Zurich [64,

MR, 4822 5, IRERGRME . B— 2 R N
127 pwm PR Fr, TO0AS P a2 B A 9% 4 H e,
T HL T N /D S s ) S % R AR B 7
Yoo G )ZNRAE B, T HARRRES, 1 A2 ER
BEHEAYY 8 um B 42, L AMERZE 5
WEA 7AW, HT s sh M, BT ik
253 5% B —A~ RF ®A Al 15 4~ DC bk, H T
INZEFNFS Bl 5+, AR B BEAR KA 1, 1000 pm; 2
F1'3, 500 pm; 4, 300 um; 5 & 7, 155 um; 8, 300 um;
9 & 11, 155 pm; 12, 300 pm; 13 A1 14, 500 pum;

15, 1000 pm; HLAREIEERA R 20 pm. A~ =000
BIF BT — A P S G e Al L, 68 FH Fl 2 A e By
—4 DC HLBE . ZBF AT LA TR B [N 2% O Bet
TR 40Cat B . AN T = 4ET) B, X R B
R R AR S, DRI RE A S N 24 A T
AE. B -EAIIREIX, P2 X H T R
PPt s B SR H B IR AR, = AR KT TEOE S
BT AHEAER; WA 8h X AR TS0 s 7
M58 A ISR, ZPF—IEF 44 4> DC HLik,
For 7 X U FAME LA DI RE X a2 3, T e
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R 15 XTI RAE TR . ATRAEH, X
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QCCD B EM e 2. B A 40 R A HEfE,
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A HAE, WA 7Sl gt 162 | e
1) A 1 I 0103 48
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AP T A B 1) B A B A RSOR B PRI M. 7 —
AL AEBF D, AT LAIE 5 A8 0 2 A AL EOR A O 1R
[ R 1051 L Bifi 5 25— () B AR 384, 3 A s f8e il 8 25
AT NS . ph S B B AR A A 1 2
WA e AT R DX A ] L B8 A — PP X
WA S B AR s, B A S — X
BB AT DIAE XA XS HA 2 A B,
AT DLEE BT ]38 Jir ok (%) 2 ik b O S B TR Y
HE. S5 5 M T — 4k B TR 2 TR BRI, %)
T QCCD Z5# 4 2 CHEZEMIEN. % ILm
SEHCEA T B 06T X A 880y R 6] 45 R4
RN SETEAL, JRA 1 — LR PESS M B IR, gk I
YA L 7 5 AN, B TR IE L 4 r A 2
BN E S B, R S AU AR
SRR I, B A AR B A5G, DA N R

S R B R AT USRS B AR 2, H TS B
0T, NIST 1 =4k BERefe LI/ T—A 7
R T A A S B B 1 2 ek 4 R A (7880 YR RS T B
i SOOI E P 4 P A SRR, PR RF
FEL ARG Ao AT TR 5 P A T s rE AR S5 4. i
TR TR =4 B TR, BFEA
X UL AR EA “ri 254 160 anfsl 8 . 1S
TF-BEFI RO Z0 bl TIa Rl A 5, T L
SEEE 1 pm {9 SRS TORS BE 167 i T T
AT DA I PR 3R TH, FH TRG i b 4 26, A
R AR (FIKE) B BRSO E a2 )2
PRSI LSS e, HAR22/NT 2 pm,
AR T AR B AR T X BRI, % R R
E R, AR ARG AR 2 | 46202 A M LR
2, A WA X #lgh 3142 4> DC Hf. iz BFE
G IR0 = AR E5 Y, LR AR S AR Ak T D SE
PRS0 A BT AR 2540, X XL AR A B S8, AR+

TS A T4 T
5 N BE

AN T A A B 8 D 1 BIF 4 /N R A Rt
AR T FEE BT B, WA E THE
MUY AT RESR BT RE TiE R 22 TR0 N

300 pm

Shim

Exp zone 1 k __ z —_ __. Exp zone 3
msonlllllllﬂngm
e | RS

e Exp zone 2 9 B
B 9 mm i

P8 IR B IR BT O 2 ) = AR r AR s B 0 32 1 B by 2R I MR T, B AN X AU S5 i I S 4

Fig. 8. Three-dimensional junction trap in ETH Zurich (166

I. The ion trap consists of five wafers and has two X-shaped junctions.
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INTTZ0, P AR A28 R IG b 0T H 2 <6 s LA,
ESINTE ST THNULRIET S LG IR G IR &3
%t (micro-electromechanical system, MEMS) il
T B BT B R B) B E AR R, H
AR AR AT SR 3 it 68169 8~ B % ) ATt vl
DI ) 22 oK g, ATl DA R]— I Toad A rh
HERALE 7, 36T B T B P kA TR
REAR ) 1 il A B H 28 . MEMS T4 Af L)
A =S B BT B TR E 4R
BF. e B A AR ZS A S = LE R AN, B
A HARAL TR 1, I B =4 7B XFR
P, DT ™= AR A BHR BBk 8 1 i IN AR AR R
BRI R EIL B UA ORI AL E, I =4 T
IV, 22 T IS T o7 ™ P o sbA gt (1001wl L.
A SR INEE I A], PR WO CE T 10 K LR
AR R T, A R AR AR I G AT i ] 66,
ZEIRSCHR (95, 169] TRAIA 43 T 4685 7 BRRY T
2Py 1 B N B 1 | S T ) -3 i N
LU BAAERIER BT, A28 488 1 DR 4s

()

60 pm

400 pm

FRUR T Ih).

TE AR, B TREE B, B0t
AT TR EEAE. XHTICR A EOOEHR, LR
TR B L B DG B AR B WG I, Foe A0 B Y . X
PR T EREEAR A E— 2D AR, IR 1 57 - hk A
R HOCY R M. 2016 4F, TonQ A H &
i T HOA2.0 (High Optical Trap 2.0) 2576, EAT
P B9 PERE 631, Qs 9 Firzs. Sy 1 3 02T B Y i
e, HOA2.0 #485 H AZkt: IX 335 it HAT e i
ey T DX L R S AL, O FURR AR 5 — )2
O B, RSN DA TR IR 2 R,
BFIE T R TGEAL, B HE E TN R
T (5 SR AR HOL . S TR B A Y BIZ
Wz, (B R ARG B — L AR Tt ZER B
ST AR S B R 2, il &5 TR EH
PN THA, Bl o] LA iR 4 — 4Rk,
I BUERAFIRAL, 7T LA AR A5 AL A5 Al i 11
STy S de /I, B 2 Ak 2 P R R e o A
AR 7074 SR, iR B 4 R AR P R A 1

9 TonQ A HME TP HOA 3172 (a) HOA B T BHS A MR A (b) R B Y BIS5 Ak, IRk E &8tk
A A5 2 B I S0 L 3 G et )N 2SR RO B T AR 8] DX B 2R AR 1 AR s (o) B TR RIS A, % T RA A SR R
TOFR A 22 (M), BARMY &R A 222 (M1, M2 F1 M3); (d) 2 B F s ok g

Fig. 9. High-Optical-Access trap from IonQ Incl®: (a) Photo of HOA ion trap. It can be clearly seen that the linear trap is located

on a higher platform, and has a long and narrow through hole along the axis, and two Y-junction electrode structures. The trap has

94 control DC electrodes. (b) Y-junction of this surface trapl. The shape of the electrodes has been optimized to minimize the RF

electric field component along the axis. The red line shows the path the ions transporting between different regions. (¢) Inner struc-

ture of the ion trap. This ion trap has four metal layers, the top electrode layer (M4), and the lower metal layers (M1, M2 and M3).

(d) Optical diagram of the 11-qubit system/*].
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Fig. 10. Honeywell's Model H1 ion trap [: (a) Structure of cloud operation ionn trap system. (b) The structure of the trap. The

trap consists of 16 distinct zones, consisting of five gate zones (blue), two extended gate zones dedicated to ion storage (orange),

eight auxiliary zones (yellow), and one loading zone (violet). (¢) A quantum circuit for realizing a two-qubit gate operation between

two ions that are not adjacent, and its corresponding operation flow in the ion trap system.
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Fig. 11. Ion trap integrated with waveguides used by Massachusetts institute of technology (MIT) [64: (a) Lasers are propagating in
the Optical waveguide and focused to the ion by the grating coupler in SiO, substrate. (b) Lasers are coupled from the optical fiber
to the on-chip waveguide using the edge coupling method. (¢) Optical fibers are fed through the cryostat system using the fiber
feedthrough.The ion trap chip is located on the cold head at 7 K. (d) 8Sr and #Srt ion energy level diagram. (e) The scanning
electron microscope (SEM) image of the central region of the ion trap shows the square light-passing window on the electrode and

the distribution of RF electrode and DC electrode around it. Inset: A scanning electron microscope shows a grating coupler that en-

ables transverse focusing of a beam. (f) Photonic ion-trap chip packaged. Inset is an ion trap chip around 1 cm?.
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Fig. 12. NIST’s integrated current-carrying wire(CCW) ion
trap chip/®. RF electrodes (purple) and DC electrodes
(gray) are used to trap two 2*Mgt ions, 30 um from the
surface. RF currents at frequencies up to MHz are loaded
onto green (numbered 1 to 3) current-carrying electrodes,
generating RF magnetic fields and RF magnetic gradients
perpendicular to the axis near the ions. Using the forces
generated by this gradient, a two-ion entanglement gate can
be realized using microwaves. In the small figure on the up-
per left, two ions with different RF magnetic fields due to
their offset axes have different energy levels due to the AC
Zeeman frequency shift effect and can achieve independent

ion addressing.
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Abstract

Ton trap system is one of the main quantum systems to realize quantum computation and simulation.
Various ion trap research groups worldwide jointly drive the continuous enrichment of ion trap structures, and
develop a series of high-performance three-dimensional ion trap, two-dimensional ion trap chip, and ion traps
with integrated components. The structure of ion trap is gradually developing towards miniaturization, high-
optical-access and integration, and is demonstrating its outstanding ability in quantum control. Ton traps are
able to trap increasingly more ions and precisely manipulate the quantum state of the system. In this review, we
will summarize the evolution history of the ion trap structures in the past few decades, as well as the latest
advances of trapped-ion-based quantum computation and simulation. Here we present a selection of
representative examples of trap structures. We will summarize the progresses in the processing technology,
robustness and versatility of ion traps, and make prospects for the realization of scalable quantum computation

and simulation based on ion trap system.
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