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Figure 1 (Color online) The diagram of a linear 4-rod trap. It uses 4
electrodes to form a rotating radio frequency field and 2 electrodes with
tips to generate a static Coulomb potential. Ions are arranged along a
string parallel to the rods and cross the zero point of the potential field.
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Figure 2 (Color online) Advanced microfabricated ion traps. Figure
from ref. [3], authorized. (a) High-optical access (HOA) trap from
Sandia National Laboratories. (b) Ball-grid array (BGA) trap from
GTRI/Honeywell.
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Figure 3 (Color online) The diagram of sideband cooling. Solid lines
stand for red sideband transitions. Dotted lines represent optical pumping
transitions.

BRIEAN R N wo B ¥, 53R 5207 74 5 vk H IH
BB E A G AT LR S o N B AR AR BAE A
HE

Hy = —ef - €Eycos (k2 — wi + ¢)

1) [(a-+ + 6_7)(ei(k2—wt+¢) + e—i(k%—wl+¢)):| , (6)

Horp, —erZRos AR, el Eo 7 3 Ot R 77
) MR 2, o IR AL, & 0 N N S B THBR SRR,
Q = —E (117 - elly/2n, QURLXS BT 87 A 2. A2
XL, BATAR — B B AL R 105 170 207
M. A AR 5T, o > wo, P LB e
LA 2 2000 ) P T I, 4521

Hy, ~ hQo, ellk-@-ooro] Ly ¢
=~ 106 e 0l 4 i (a7 + ale)|

+H.c., )

Ao, He AR BRI, g = kyAIQmay) < 1N
Lamb-DickeZ %, w, AzJ7 M B FHRENMZE. Ko =
woltt, Wy B BT AL R HS™ ~ hQ(G,e9+6_e79)
XN TR N A IERIT. Mo = wo + w i, IG5
it £ ] DA 43 S 2940209 T TR PR I, 40 ) oef BT B 1 1Y)
WA R A2 30 R AT

HP = hy (Qe 6 _a + Q'e6.a"),

o | . ®)
Hy® = iy (Qe6,a+ Qe 6 a"),

A B E R T — N T R E
BEEFHNEIRS Z B E. AR E 0T bos g
XA ORI NAS. A8 Ron — AN IE 7 (Blue
Sideband, bsb)EK i Bi|{)n) — INin+1), 5 & &
78— 4030 A (Red Sideband, rsb)iEk i El||)n) —
IDn = 1), HenyFRoR SIEECn I B 14

P31 3 i ¥4 ) T 2 ) 3 B (19 2030077 BR A A
Je 6 ZEH e . WOGERAED, @i 4030 Ay SEH
P IIREN R T A I K E AR, T
T HOR D1, AR UK A e). WOLERAE
QM) H M A 5 7 N &4 [F] 5 25 Blle, n) —
g, n). ANEFHSE I B 1 L MM T EA AL Y b
A2 370 nm¥ot SE LG 2 R AR, m40Cat 2
F FH854 nmig )t UK 5h2Ps ), —2Dsp K iE, FF A
N S S AN = o R e A I ORI N T =R
R, AT T RS E TS NG R
B EFREA. WX — E - ARA LS, AR
PURE B % B 28, &S RS UL SR
g T, BN KRR S &R s SRR
R B VR AL PG 2 T, AT SR 22 Fh S 50 &

LRSI

3 EfENE

B ) — N A B, SXoF s (] ) 2 00
TR E MR, e — R
A R — AN T A (1 & AT — /> TT B
X JE RO BN R R B LB B 145 T DA A
— AN R BB, T FEE P S SRR e ]
PLIK B4R & R IF R B, A ERNE S B F
BRI FF v 5500 0 S AR A UBR AR 211, AT 2 46 Ay Bsf
[F]. 19505 A2 45, o A& B 1 Bh A gy AN i A% 4t
A P T £ 1334008 1 B AH 4% tH B, 6 T B [
B, JE T8 A6 13308 RS 40 it 24 BK T 4T
2(9.2 nm)fE R PR HE S H AR, T F 10 8 4R s
S PR ARSI R, TR 2 A0 H B AT AS 201 s Bk . B
AR AT %, 1967 473 FF 05513 ) E s &
R 2L T AT R B 0E X, NHE133 5 AEREAS
(10 V9 A RS 41 6 S 18] B I T 4 S P i D 3
(1191926317701 N 8], BRI DA% 133 57~ 1) 1l B g

074206-4



TRTAE PERBEE W i ROCE

2021 4F H51% ETIM

7T

b JUHER R R, HR T 02 L FEir
A5 FH AR PR 1100, g 7 S 3 SR 0 9 T RE, AATT 4 3
DT F R FORT I . 3T e ek
HMX IR A 61 R, A EEe BB R E
PR M. (2 B T ORAI(101 Hz)BRaE it — A4
i RN £s, 63X R 1) e 90K B P A B 1
TIEBAT T ARZE 5 7= A JA AR O, AT 52 1)
FE. N T g — 3, AATIF R AT R o
FE AT AR A S LR, AT A S 2 AR e i Ay ]
fiE. 20014F, Diddams "SZHL T 5 — AN AR (BOG
A AR AIRL A AR DL O SURE N S 2 (k.
B J, 12 AR ) YT R S 15 A 3 AN 1 PRI 3
T107 B8 2L, 20054F, S MR 32 Z 5Tk
# John HallflTheodor Hansch# £ 1 ¥4 V1 /R ¥ 38 2
52, LARRZARAT6S T WO RS %615 2 R R il
[ DTk

3.1 AFRG S RE

JEF Bl S 7 AR E IR BURAE. RISk
BOCHIER T, 7 28 R, IR
RS Im BB, SRS = REN B RE A JESETTE,
FATAT LU I % 6 HR 0 ) T BN 3 AR &S kAT
T, SR M FH R 5 SR AR R B 150 i S e IR,
fEE AR BUE AR IR T RE R 2 18], 3% — I e &4 o
7. BB, O BlaT DL T A g R SE L B
2, T3 2R A AR AE. X 62BN &, 2
FEEEARRRIEAT T HR A

JCEE BT A W] DA B 75 R R A ik

Vo =0-fi+ fo, €))

Hr, n/2100000-10000002 8] (i ¥ 4y, fRRER
iR, fnEOe . it L] LA H, B A
A £, I AT Fi T s A e 5 S A ) F 3%
e BT R RTLLE H, AR B R TR
SR A R, 70 AR S 8 THz, o H R
LSS HL TP DU 3026 58 4 08 OB
B 7 3, AH AT AT DA o A e 7 o 2 Ak
S I AL 56 5 1) 43 RN BB AR R AR T A 3. x4

SEARAIENE &St s E B R ANME . —.
B EAEW I LR S, = ve/ (L), Herbv RNk
PPOREEE, LV K. TR, mT DLE i e
Fe M A R T B AR S, B AR i I AR A 4k
POt e S SR SO IR G AN E R B =
WU fry, FE BRS80S 5 AR 4O
B A5 ) B AR RS AR N OE B TR % 1Y
AL FEL, B fy = (1/2m)dy/dt, 9256 F AT DU ek i 5
SR T Z T fo U2, W ARG IE 55 AN B R f B
SEAE — [ 58 e AR IR, 3 T R A T
FATTAT LS IR SR RS B A 15, AT A e
fEfaE OB ROL ¥ S E 0%, HinH e FE s
AT DAVE 9 2 B T 22

e B B 5 1 B S B B 78, X P
779 T B RS A5 T . K DG AR AE A A1 i
(e A NS, I 528 AL 163, RIAT LA
(CEIEIEEToN

Jo=2va=vu=2-(nfi + fo) = Cn- fr + fo).  (10)
AR DU T OE R IE 225 1R Bomt 2 A
PR AT 545 2 fo, 285 M S B A5 R D), K

SLB s T R B S G, s T A
M AR SUESE I 5%, 3 — MR A 20t

B3I ESERRE

pa N/ FERR

O EEEE——)
RS

ESECES

EEErrE

Bl 4 (MBI R 7o R ke — A
WRAE A A, I AR IH A SR M BOCHE b e 72 B &
BRIT b, 80815 5 7 DU S8 = Re AR, ST v 45 31
WEE T, RBBIHOL ST HABUE. s B0t S %
X EEAT B I BT s v

Figure 4 (Color online) Diagram of optical atomic clocks. A narrow
line-width transition is selected as the clock state. The probe laser is

precisely locked on the clock state transition by frequency stabilization
technology, and its signal can be detected by a third level. The error sig-
nal is obtained from the atomic spectrum and fed back to the laser for
closed-loop locking. Finally, the optical comb is phase-locked with the
laser reference and counted by counter.
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Figure 5 (Color online) Self-referencing laser frequency comb. The
vertical lines at the center of the figure represent the frequency comb.
Frequency doubling light from a comb mode on the low end of the op-
tical comb spectrum interferes with high frequency comb to produce a
heterodyne beat at fy. We lock fy to f;, so that all parameters of the
optical comb are locked by the continuous wave laser.

B, 13 2R £, JF Bl S s 7 R BUE 2
R P B B O AR T AU, AU
PR BB AR T O BE B £, W0 CA B AE ) BT AT A
HREUFIBOC NS, WL T LGSR
I,

32 BTG REER

BT PRGBS ISR Z —, RAGN
P85 AR SR Bl 2 18] AT AR H U IR B =S ROR, TR
B & G R SL DL i R RE 1= 1 B, FRATTIEH
PN B B 25 028 1 i G B AN R R 5 A0 F I
B, RIVASE PR L AN RE . RRE P A e I
PRAES R AEARA — BU 18] P9 9355l 122 th W B &
GEA S IR AN B (R AS S R 5, F EH Allan g 22 4
jZE[B]:

M-
ai(r) = Z O@) =GN, D
=1

2(M

Hodr, (o)) = (AF(@)/ foyiA il i) Py S50 B AR 4

I:I:E’Ji'é AR E YEXT RN Allan g 2. 04N, ARE
P AT DA Ry 1)

Av T.
oy(1) & vo\/ﬁw7’ (12)

K, AviE i Bl R G 6l 4 B8, N2 BRI &
i 0 R B0 7 i, T S vl & 3 B 75
(PYES TA], 72~ 3 . 7EIX B, Av/vo vl DAER R A
JRIRFQ, 1/ VN F M, RIARE & TR,
Mt/ T 3 S & AL fEe%h v, QIR F 1] BLLE
T B RSAN B 4, X 2105, Rk, W R AT A
FH100004™ A 7E 48 28 56 BRIT 1) 5+ 34 6, 78
1 PP 350 B Py A RS P LA E1071 5. K151
TS B A R QR T AN ERIT U K
TN EESHUE IR B A E V. 520 A
A YET R AR 2, KEO0T B4 2 B A 858 (n
M3, Hhd 0 R AARR S 51 AR W RS, LA

FHXTE RN 51 B 51 A #%. b, Zx o 37 05
TREZ B SRR AL EE R,

T Zeeman N IFEAE, Bl IR 2 52 B 13 1
SO SRR BA fIE W] RN

Af=f—-fo=CB+CyB*+---, (13)

X, 8 S50 E — DR A — M Zeemanf?
g, 5 IR N M Zeeman®s B, VAL RHE. X T
— M Zeeman# By, — Fh i H B9TH B 07152 A B IR
WA X FR 1 ZeemanBE . X T i Zeeman®% 5,
DA ZUR ] e M e e i3, 5t T 58 7, 1B 0% e
FH O RS 7 AH ELAE A 51/ 1R A8 Y Stark R M. 1
Ah, J3— FhStark# 3] /& 2 AR %8 5 (Black-Body Radia-
tion, BBR)# 2, H.4) #E >R I 2 H T N 25 55 1 1 B
R A B AR S L 51 B W Stark 28R 41 G,
8Sr [115S-*Dys o B A BRIE HIBBRAX M. /E IR F(T =

R AFFRE TSRO T

Table 1 Clock transitions and Q factors of different ion clocks
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Table 2 The stability and uncertainty of different optical clock groups

with trapped ions
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Signal modulation

Off

INE]
rF 3
v
|
<
A

Trm

B o6 (M%7 Bk 3 & #CPMG (Carr, Purcell, Mei-
boom and Gill)/F 51| 30, #E7t/2-7t/2 Ramsey/F 51| 714 A Z)
SRR, Fa— D/ 2Bkt A B A FAR AL, OB 2
EERUPRTNIE 5. o A RS

Figure 6 (Color online) CPMG (Carr, Purcell, Meiboom and Gill) se-
quence [35,36] for dynamic decoupling. Insert dynamic decoupling se-
quence in 7t/2-7t/2 Ramsey sequence. The last 7t/2 pulse has a different

phase. The blue waveform is the equivalent modulated signal. In the plot,
Tarm 1S the time interval of the pulse.
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Figure 7 (Color online) Environmental noise spectrum. The data of
N=1,9, and 17 7t pulses are represented by green down-triangle, orange
up-triangle, and blue square, respectively. When 7, approaches 2.5, 5,
and 10 ms, the interference fringe percentage decreases, corresponding
to magnetic field noise of 200, 100, and 50 Hz, respectively [35].
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Figure 8 (Color online) (a) Level diagram for magnetometry (bare
state). (b) Level diagram for magnetometry (dressed state). The dressed
states |u) and |d) are separated by an energy gap. Referred from ref. [33],
authorized.
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Figure 9 (Color online) Accumulating Sagnac phase. Prepare the ion
and then displace the trap center. Apply spin-dependent kicks by 2 Ra-
man beams which are shown as the violet arrows. The force directions
are along the red and blue arrowheads direction. Two states rotate around
the trap center along opposite directions to accumulate Sagnac phase.
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Precision measurement with trapped ions
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Measuring physical quantities with unprecedented precision is one of the most important paradigms to extend our fun-
damental understanding of nature. With the development of new quantum techniques, quantum systems have become a
promising platform along the path to pursue higher accuracy and stability of measurement, while the classical methods
are approaching their own limitation. Owing to its high stability, long coherence time and good controllability of quantum
states, the trapped ion system has attracted much attention as a promising platform for quantum metrology. Recent progress
on quantum control of trapped ions in both the scientific and technological aspects greatly advance the potential applica-
tions in precision measurement of various physical quantities. The invention of optical comb with ultra-stable laser brings
us a new approach to develop a clock working on optical frequency, and features a much higher precision than microwave.
This achievement has the potential reform the definition of the basic unit of the international system of units in the near
future. New methods of dynamic decoupling or preparing special dressed states significantly extend the coherence time,
such that an ultra-sensitive detection of magnetic field can be achieved. By introducing a spin-dependent kick in the phase
space, one may also realize rotation measurement with trapped ions and obtain high accuracy with a chip-size apparatus. In
this short review, we introduce the principles and designs of optical clock, magnetometer and gyroscope based on trapped
ion systems. Owing to its unique features, this platform presents many advantages which can help improving sensitivity
and stability, as well as building transportable devices.
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