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optical clock references, '"'Yb" ion has two magnetic insensitive transition spectral lines that have become the
secondary definitions of the second, among which the natural linewidth of the electric octupole transition is as
low as n Hz. Moreover, the !"'Yb" ion enables long trapping lifetime, and the related laser system is simple and
compact. These give it significant advantages in developing high precision and compact optical clocks. This
article mainly introduces the progress of an optical clock based on the electric quadrupole transition of a single
7Yb" ion, including the corresponding experiments on laser frequency stabilization, ion trapping and cooling. A
Fourier limited spectrum of 41 Hz linewidth is observed with 20 ms Rabi interrogation time using a narrow
linewidth 435.5 nm laser for the 2S12 (F = 0, mp= 0) — 2D3;(F = 2, mr = 0) transition. After that, the closed-loop
operation of the first 7'Yb* ion optical clock in China is realized, and the frequency instability is estimated to be
1.3 x 10" /[t/s with a self-comparison method. Therefore, it lays a foundation for the development of compact
transportable '7'Yb* ion optical clock with precision at the level of 1073,
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it

0 5

Bl 20 4, TR IR FUEE . WOCTRIR CROERER i REUR R, ST RO AR AR o (B
JeEh) WIS IS T A S E A0t HRRAN i B RIS E B AR AR IR B 107107 K XAVR BE
C i H A PR SCRYSEBL )y =, RIEmR ST, (R0 T — U E i i # . 6]
I, ST kG AR JR A, AE X DR b ) i 1 S AR A BRI G 0 24 0y T LA T R ) 1z Y 3

T e A 8 T S A/ N R R P Bl ' B DA ST 50 2 ) e B A 1) S o 1oy P ) R
$&o HAET, BT R T BEAAS AN B s AR N AS v SR 1 T RS G R SRS T R AP, O
A GE T I RN R ER . ERZRB S H R R, VYD EFAEMBS: B, B
%°S_ (F=0)—'D,_ (F=2) (HIUK) F’S_(F=0)>F (F=3) (/M) FFEEKES %%
2, WIHSy CBET TR S YR AR 50 RO TRS 1 RS BE DAL, T ELIX P SRR H HTER L B
WFPE " T, XMIASLIR T mr=0 — mp= 0 BB ABURIRGT, o A/ B BRT
P ARGk 1.6 4E", 7E—SORE L SE 50 P W B R LT A Z AN SR R A 5 5 i R EGR A T
B, 30K 2 A SFe Al FH k- ST kv 8 v B b P e B 1 DGR AR s BB =, VYD R TR
R EF B, RIS EEOGHA A YDH B 7 (528 SRR A i) Mg sl & o 4a™,
PRI B B I 8 At (B 5500, B 7' YD B T I IO b TR LTSRS . Ik, YD
BRI SR R, T SRR N AL AT GE SR Y B A R —

FAT, EBR B Y Sesh Iy m BT S T RAFA R o FE R BOR Y BH AR5 BE( PTB )
FdE [ [ G B SE e % (NPL) GETERTS, & B0 7 YD 8 Ot RGR AHE BEIA 2.7 x 1077,
LA, PTBIRG Z 5 EE M, DLMRP W9 R W B 5 57 (LPL) SFHLA 4 A BF T — &0
THPORERIE R A4z YD O, A TR BUAERRAE 19 SETHLAE R, JFE AP I BT
FIPRIHRAEN: . BT, BN v E R R B R R ks 2 I Rk 2 SRR QB 5t e 5 &
KEALAETFIE " Y B O nwtoy, o, 5B e INES B el I A 6 Z AR E g Al LW
INEETTEE “Ca" B FOdh RGBS AR 1.1 x 1077, FEF 2019 AFESLHHE KA 1200 km fHR
s AP 24T, IR 107 BN RTHGE YD B 6 B e A

ARG TR R BB 7 YD B bR R DU AR R AR BRGE, (B R RIS B A, AT e 5B
P DA RS TR DG AR, PRI AR S R B 5 — 0 o R ek g . 15, RIHZOE B FRFSC T ' Yh'



H 4 TR ST DU BRITE A S Y B OB 263

PR T INAS S O A5 ARS8 R TROER SIS R0 5 AL IR I istis sh AMa2 s BEAT 1 FL DU B i 2k
IERI, 7E 20 ms 1 Rabi #RIES ] T HAF RZE W82 41 Hz BYPRIRGE S % 1% 401 S OGP AT A SE 5 B
JEi . SRFIAMIN I EF 77 3 HEA T IR AR R BE IR, SRR IR L 1.3 % 107 /e/s

1 BFRAZESLA

1.1 Y SR K BE R A
TYhE T RIBERLE RN 1 B, T AEN 172, A RE Y A R A4S . K R 369.5 nm
MR ERE 'S, (F=1) — P (F=0) Xhi HSRZ52 19.6 MHz, dEH &G T 5 F 1% Doppler

172 172

BRSO, A7E P SNBSS TA L 0.7% M BERBE H] [ R H 20 52 ms 19 °D,, WA, HILR

12’

FIE S 935 nm 1 MIAOELLAERRS AIEEA . (H il TARSIRMCE YR, TE°S , (F=1) SR8 TH

172

ARERRIE 2 P, (F=1) &, B AR EEES, (F=0) , JIHALELE ER R IER

172 172

AR 14.7 GHz R ADE, 5°S,, (F=0) — P, (F=1) BREHHR, KBTS S

(F=0) IEBRDILERFQENPRIN . MRy, MGt b B AR AR N 3.1 GHz B PIZOL Ry o 55
Hb, TR R 2 P E0E TG R AR Kk 1.6 4R °F,, 2, RICRHAT 760 nm (VIO L 4ESF

712 7

BHER . 4355 nm MOCM TS (F=0) — °D. (F=2) A DU8 e BT 50 KOG B8 & .

172 32

F=2
132
[ ]z/z F=1
3 F=0 ;
1[3/2],/2 F= Quench
- ' 760 nm
F=4
’ 12 Fi(l) At 21 CHZ Repump F _ 3 sz
- 1 . 935 nm N
F=2,
Cooli A F=1 Dm
ooling . 4
369 nm ————— Main Cooling
————— Subcooling
E2 Clock —— Main Repump
transtion
A 435.5 nm ——— Subrepump
F=1 Yilvy y y ———— Main Quench
2 12.6GHz; S
S]/Z F=0 v I ZV Subquench

VE: LSRR SR TR EINOROL, IBAFOR R R HEE
BT YD OB G ARG A 1

1.2 HSRRSI RS

TE FIRSAPARIBFOCR G, B T R PO AP BRI 0 BTG 19 435.5 nm BOGH 871 nm OGRS
PUSE, HARaifm ROt EEP0T, HYR Fabry-Pérot (F-P) JE/EAEOLIINZ % LIl
PR RS o 871 nm BOCHE IR HISME - SR ABO AR 7, 03 $EE MOGECR S e &5



264 BB K46 %

HHp KO 2t R AL SRR S A SR I ARAS 2 20 mW (W HEYGH ), AR o PR AR PR G 27
L AR F-P A TBOGRN,

AR S SR H AR 0 SR A 20 F-P s AT ORI . 1% F-P O SR K A K R AL
(ultra-low-expansion, ULE ) BYZZESATRHIN T MR, HEAIZRMDEK 75 mm 77574, FHRAH—FXR
SRR S P07 X A 2 B, R PSR R B K SEE O 1], A TR £ — X L
— X G R LIS RIS Y F-P s o, BRI CRDRSAREEZY 15 1) BB LY F-P s
FHT 871 nm WOLHI AL SO CARMN, i I ST EAS LY F-P I FH T 370/399/760/935 nm O YA I
Rl o 12 7 R S HAE S ISR Z BB A M E S =N, IFET mK KPR B IRAE, B RS0
RS — P A/ NIRRT & b BT — R R T " Yb R R h 2R RO
TR TT K, o) — 7 R R BR B IL S 28 | R . PRIRSERECEGEUR, RO INAL . T SRR AT RS
YDA R . BOCRRSIDEES R, BRT 871 nm 0K A Pound-Drever-Hall ( PDH ) f4iir=Xok, H
SRV FH 3 S 08 i S ST UAEHRA T 8 BRL AR VAR ICOR AR o Pl T Ao ik RO i — SR R 4, P L) Gk
T LE T 4 T OO 25 RSO 1 2k FE AR e BESESEGHA T IR, (H SRS 2 S 1 2 12 Z0RN i DUAR BR AT
TR TR, KR T W A RS 22 58 LAAE EA TR0 i I A Ak

871 nm Lens HWP GT EOM 180
A 0.0 —
il 0O =
oo QWP
N ]
PD p—fd % -
PBS
I y CCD Cavity
H y [
370 nm+399 nm

760 nm+935 nm L ﬂB‘NWL’
ens
e :
U
T PBS FwdRIEH, QWP N 1/4 3, HWP h 172 i H, Lens Ji&4%, CCD MLk E
w1, PDOAYGHIRIIGR , EOM SAHUGTARIE, 1S0 A= ARG EE, GT ik L &ihkkee
E 2 ZliEERT R

1.3 BFNE. RASRAHFEN

ARSLHG R ) R I B, Hoxt A ) R s B IR 20, 29 1.0 mm, B ELBRIAIRE 22,29 6.0 mm, B AT
SR SN Q = 21 x 26.8 MHz, SREEVSTRAS 10 & T T O 29 220, 7 LERTEBF WXt I A s il ) 43
%ﬁmyﬁﬁ,#ﬁ@%&%%ﬁﬁﬁ D, AESHRBREN T RL S W, WEHLEZ) 30 V I, R A2
(BRSBTS B SR . . £} =2nx{0.8, 0.8, 0.44) MHz, FIHEUEFLIZ 0.38 1 M55 55
HWEE YD B H R RS 370 nm 5%, JFE S B F5E CCD (EMCCD ) ADGHLEIEAE (PMT ) X &
TG RGBT 8T

RN R L, Hd "'Yb I HREEL 14%, 1e0d R 2[R 7 RAR A0 4 Ja 2 Tk 7= 2k B
FF, WS AR TR EEE 171 2R T, RIIRATTR AL PR B0 F 3R e B i 85 07 2 LURAR



H 42 R T PRBRE R Y B AT 265

YD BT S S N Yb A JE BT AR I SR SR SR S B O DX T 1Y 399 nm
— G EDEIRGS, AP TIREOERARER YD B OS> P GRS R R, P4 B 360 nm 11
TR BEEOGIII YD R R RE, R B AR NS . BT, FIAIZOr BTk s YD
BT, JFEHIBE YD LASMY 6 FIEINL B NSRS H, AHEEE HA 0.13% 1 YbE T, Hop,
B ABERN 52 19 YD B HAT R S AN RB G 2L, R4 T B 0 A SN T 2 R R Y RO
P, WOR LTI RA SR B e B S

YR FOCH SO B RS B AR 3 BTN o D B RG I FN R S G T 2 2T B A il ), RS
TP B TIZ07 I, HAEOEN Y5 SiE%hE 45088 13590977 [ A . 370 nm YA HIDGZ it OGRS f8r 4:
14.7 GHz B30 iy, IFRFRREDEAR—EEFE6, F-5 935 nm FIEOEAE A BZSRIEGE#RE, 760 nm ¥
KICGREHRIG 0 435.5 nm SMEOGEGHERE, Hodr, 370 #1935 nm HOGLERF O3 B R 60 1100 wm, A
PEBFTIR 30 3.2 F1 300 wWo A TR AT RE S Y 7 YD B T 2O BRI IRCR . HoeR A
B CHRIM B BT BEH2IE 5 G 224 IR B /G35, BREJ7 m R 5 5856w 07 &2 5509 4™ TR,
SR BN T R4S e KA B IS 2R R ME SR, ®ES 7 1M I 435.5 nm BP0 R 45°9 /™, segih,
BRI RN 2.6 G, Frm SRHDGE 45°9f, RIS ETOCTHEUIL 20%, K7 %W 5
SR, IR R R G P G 3 R /IN R ) I PR D) 46 T BE DL iR 1% ) R

LOM
AOMI 147 GHz ‘%
PBS
Cooling ‘ 3 j
laser 370 nm | N AOM DL
lh'[z)l;l;lp laser ol s oMb—» X JT‘(():\I‘IL B
35 nm 3.1 GHz - —
. _ Tiap asie :
Ist lf'l,lu 1lion »roM 4 1}1p 1}1\ \ TETNED
399 nm (z-direction) ‘
2nd lonization
360 nm
Quench laser O Ablation
760 nm o
Clock laser wlAOM » s 435.5 nm
871 nm i i —

. AOM M GiA®I 2, EOM MHOGTAGIAY, SHG Fm ZyGKE, PMT AL, EMCCD T cCD
El 3 BTN, BHISHINRE

H1 T2 B AN Rk C i R v A A ] Sl A O R BRI BB, LA B T B A BE A A Y R
DUBE BF AR R i AR 38, AN A7 AR — LU AR TR B S R, DAV B 1 18 A0 7 25 2 flv A4
PRINAE B, 5 B T r B oz 3l o 7 F B BN fdoiz shA0 22 mi B 1 B0 B8R, i
YL B P R 1 2 R 5 508 B ML SRS, DR EERR A0 . FATTLL EMCCD b B 3 ' i 42
L™, PMT 1 HYSECEIY LA B et WA 5 W B ™, 3 5 980 5 5 - 2 2 ok e B AR P
K 2y i S BRI ez 2l i Abss , 3 BE iRz s B~ YD B T UOLE S A 4 s .



266 BB K46 %

80 1
70 A
60

/10 ms

50

N
=

JeH AR TR

40
30
20 -
10

() 4
-120 -100 -80 -60 -40 =20 0 20
B /MHz
e Ky EMCCD |4 888 %
K4 A "YhE TR 370 nm BEGES

2 HEERIELRIGS R HBE

2.1 EPRIELRIERIE

Y b L DU AR R I 2 4 ISR L R R DG BOLI T R I 5 TR, AR e A
Sl g BRI 4 ASEBL, ¥ AIBTBOTIR BT ¥ AV ANE O LLAERREOEE SRR, Rt ]
210 ms; SH N BOCHUL A, B PR E AR REGT 2 P, (F=1) &I AR 2RE S,
(F=0) , FFEmEIZ) 8 ms; PPN BL, SCHIFTA R IAIIADE, AR5 IFR BhEOE IR 2 5
VUSRI, 5252 I R AR S SEIR A5 SR T8 5 DRI B Beds SCHAEOL, TR B30t . YA E:
MIZ LR DO A TEB T B T WSR2 °D,, (F=2) RBZ b, WHRM M BLi 5t
AR, B W hseds. Z2WEE FIRN PR, gt e S SR A AT, BT 54 B
THPUERE & AR . BT D, (F=2) &FMEE, PMT BTN TS aTRER AL, SEaeh 4
SEASMBE TN G /A E O, BRI BCE N 6 ms, H A A48T 2B AR T P 2R3 B BRIE
LR MR T REL 10%, AR EHR F R G TOLIHRI R Lg% ),

. Main Cooling

Subcooling
Subrepump
—
Cooling  Preparation Probe Detection Time

Vs R HI AR =B ST 10, 8. 6 ms, BRIV LIRS ] B S50 K 1 4
Bl5  BhERE A oL

435.5 nm FEOLES FOLIETIE (AOM ) M E 7' Yb B 1Y H DU PP BRAT AR ORI, I IS8



4 TR ST A PIRBKITAA YD B T 267

AR PUOTE — E U BN A2 A AT A B Zeeman 42185 . 1R TT#E3% )7 10 SR ADEE 45° K MMARMT,
TEHE 435.5 nm WOCHI IR A KFT710), WA A mpe = 0 1) Zeeman TEAHA RN = BORCMER , R
PERAT 1 2 1 2 M — B 2z s i in i 6 (a) Frzs. FERCEERN L, 3l Pt 50 RSO IR A
AHE, ATLIARAGAN [RI R 18] B BT T LR A BRI, LA 20 ms 1 Rabi ZRIAVI E] T AY 2R N TET 6

(b) 7R, H 41 Hz St @2 5 C AR W L Fourier IFR . 32 MR TH0E0E A B vl BEAFAEAR BT 4040 ]
(IR, LR ALRE AR P g L ARIARAIER , FRT AP BRAT TR LR AU LRI AR IR B BIAEIR A , P okif s 2
I PEACHBOCRRIR R G TAES R, DUBIEIOCET WS IR 5 T BOR A Dz ), [RIf 2 — 2048 i
R LSRAS AR 2R G i) B BRI T 4R

0.7 0.8
06 1 Carrier —_— Fit
| 0.6 4 Dat
0.5 » , Bl Data
¥ 04 3
é é 04 A
; 0.3 - It
o = 41 Hz
0.2 - 02 |
0.1
0 0 A
-1.00 -0.75 -050 =025 0 025 050 0.75 1.00 -100 =50 0 50 100
B R A A% /MHz KRS/ Hz
(a) 2P KH B sl (b) FhERITSH L

H: B Ca) BHEIARTEIR 20 ps; B (b)) BHESARTIR R 20 ms, AN
PR ER 30 IAYSEHR . Z0504h Rabi FF Y sine BEA #hLR

El6 "YbESTFHS,(F=0, m=0) —>’D (F=2, mp=0) fiFREMPGTIELE

2.2 SEHRYFEREE

AT “Ca’, AU T RGO O SRR PR BE” R, TYDE T
T RS R R Amp= 0 —HUBLAE NS, BIHCR TS INRAR M BiE” R T JH iy 2t
Hil T —BmE TR RS, FATRA A B AR BER R P ik 7 B, 7R
BRI E] 20 ms BOZEPF T HERT T 29 1.7 JIARDR6hh B LU S8, JAR RARX AR BER /N 1.3 x 107
Jo/s o 3% H AR 20 ms . BRITFHCE AR 0.6 2%, BT E TR AR (QPN)
BRI R E B2 9.4 x 107 /t/s , — 3 BT,

10"

10715 i

Allan RZ=

10

10° 10' 10° 10’ 10°
SEHTTE] /s
TE: BRI RN 44 ms, SCAMANRERER Y 2 i EHI 29 1.77
7 "B Eh A AR R


javascript:;

268

BB K46 4

3 #Zig

(F

AT YD BT IR . FIHZIBBHAZE A TYD TR S (F=0,mr=0) — °D,,

172

=2, mp=0) HPURBRITIEL IO BUE , 7E 20 ms PPERIAN ] FRIGLLTEL 41 Ha IIELL,

BT ERAMN 11 RN 13 x 1073eTs o Kok, Tl T—Ir i B MBORRS, B TN, HOEs
ISR 5 2 0 T PSSR SO AL, E— A 5 P, DR R 3352 O A o LA 3975 8 47 S 4t
SRGEIE, TP RMICH RGBT BT, i BRE AR R LIRS TS, (F=0, mr=0)
R (F=3, mp=0) BT L, TR B g PR BE , IR AT AR
GRS ROV RURFSE . ATy, BRI ROREIE B TTRER/NEL YD B TR, W ROREE R A R
L, HRHE AR SR 2 TR AR R &, FIRH L FET YD R 7ALS T4 i H
e TS 5 B R S AT Y SER -

S 3k

(1]

(2]

(3]

4]
(5]

6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

(14]

[15]

BREWER S M, CHEN J S, HANKIN A M, et al. “Al" quantum-logic clock with a systematic uncertainty below 10™[J]. Physical
Review Letters, 2019, 123(3): 033201.

HUNTEMANN N, SANNER C, LIPPHARDT B, et al. Single-ion atomic clock with 3 x 107 systematic uncertainty[J]. Physical
Review Letters, 2016, 116(6): 063001.

MCGREW W F, ZHANG X, FASANO R ], et al. Atomic clock performance enabling geodesy below the centimetre level[]].
Nature, 2018, 564(7734): 87-90.

USHIJIMA I, TAKAMOTO M, DAS M, et al. Cryogenic optical lattice clocks|J]. Nature Photonics, 2015, 9(3): 185-189.
NICHOLSON T L, CAMPBELL S L, HUTSON R B, et al. Systematic evaluation of an atomic clock at 2 x 107 total uncertainty[J].
Nature Communications, 2015, 6: 6896.

CAOJ, YUANJ B, WANG S M, et al. A compact, transportable optical clock with 1 x 10”7 uncertainty and its absolute frequency
measurement|[J]. Applied Physics Letters, 2022, 120: 054003.

LIU D X, CAO J, YUAN ] B, et al. Laboratory demonstration of geopotential measurement using transportable optical clocks[J].
Chinese Physics B, 2022, 32(1): 010603.

GROTTI J, KOLLER S, VOGT S, et al. Geodesy and metrology with a transportable optical clock[J]. Nature Physics, 2018, 14(5):
437-441.

TAKAMOTO M, USHIJIMA I, OHMAE N, et al. Test of general relativity by a pair of transportable optical lattice clocks[J].
Nature Photonics, 2020, 14(7): 411-415.

RIEHLE F, GILL P, ARTAS F, et al. The CIPM list of recommended frequency standard values: guidelines and procedures[J].
Metrologia, 2018, 55(2): 188-200.

LANGE R, PESHKOV A A, HUNTEMANN N, et al. Lifetime of the °F,, level in Yb' for spontaneous emission of electric
octupole radiation[J]. Physical Review Letters, 2021, 127(21): 213001.

CLEMENTS E R, KIM M E, CUI K, et al. Lifetime-limited interrogation of two independent “Al' clocks using correlation
spectroscopy[J]. Physical Review Letters, 2020, 125(24): 243602.

SUGIYAMA K, YODA J. Production of YbH" by chemical reaction of Yb' in excited states with H, gas[J]. Physical Review A,
1997, 55(1): 133-136.

TAMM C, WEYERS S, LIPPHARDT B, et al. Stray-field-induced quadrupole shift and absolute frequency of the 688-THz "'Yh"
single-ion optical frequency standard[J]. Physical Review A, 2009, 80(4): 043403.

HUNTEMANN N, LIPPHARDT B, TAMM C, et al. Improved limit on a temporal variation of mp/me from comparisons of Yb" and
Cs atomic clocks[J]. Physical Review Letters, 2014, 113(21): 210802.



4l ER A BT PO RAT A A~ YD B LB 269

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

(24]

[25]

[26]
[27]

(28]

[29]

[30]

[31]

(32]

(33]

[34]

(35]

[36]

GODUN R M, NISBET-JONES P B, JONES J M, et al. Frequency ratio of two optical clock transitions in "'Yb" and constraints on
the time variation of fundamental constants[J]. Physical Review Letters, 2014,113(21): 210801.

DORSCHER S, HUNTEMANN N, SCHWARZ R, et al. Optical frequency ratio of a "'Yb' single-ion clock and a “'Sr lattice
clock[J]. Metrologia, 2021, 58(1): 015005.

STUHLER J, ABDEL HAFIZ M, ARAR B, et al. Opticlock: Transportable and easy-to-operate optical single-ion clock[J].
Measurement: Sensors, 2021, 18100264.

KHABAROVA K, KRYUCHKOV D, BORISENKO A, et al. Toward a new generation of compact transportable Yb+ optical
clocks[J]. Symmetry, 2022, 14(10): 2213-2227.

ZEMENE, HDBH, WS, AF SETURIEBER R O B RGBT ST HE ()] IR AR, 2022, 45(2): 83-88.
WEBSTER S A, GILL P. Force-insensitive optical cavity[J]. Optics Letters, 2011, 36(18): 3572-3574.

WANG S, CAO J, YUAN J, et al. Integrated multiple wavelength stabilization on a multi-channel cavity for a transportable optical
clock[J]. Optics Express, 2020, 28(8): 11852-11860.

CUIK F, CHAO S J, SUN C L, et al. Evaluation of the systematic shifts of a
Journal D, 2022, 76(8): 140.

40

Ca" ~ Al" optical clock[J]. The European Physical

BERKELAND D J, BOSHIER M G. Destabilization of dark states and optical spectroscopy in Zeeman-degenerate atomic
systems[J]. Physical Review A, 2002, 65(3): 033413.

EJTEMAEE S, THOMAS R, HALJAN P C. Optimization of Yb' fluorescence and hyperfine-qubit detection[]J]. Physical Review A,
2010, 82(6): 063419.

SCHNEIDER T. Optical frequency standard with a single 171 Yb" ion[D]. Hanover: University of Hanover, 2005.

GLOGER T F, KAUFMANN P, KAUFMANN D, et al. lon-trajectory analysis for micromotion minimization and the measurement
of small forces[J]. Physical Review A, 2015, 92(4): 043421.

IBARAKI Y, TANAKA U, URABE S. Detection of parametric resonance of trapped ions for micromotion compensation|J].
Applied Physics B, 2011, 105(2): 219-223.

TANAKA U, MASUDA K, AKIMOTO Y, et al. Micromotion compensation in a surface electrode trap by parametric excitation of
trapped ions[J]. Applied Physics B, 2011, 107(4): 907-912.

DEHMELT H G. Monoion oscillator as potential ultimate laser frequency standard|J]. IEEE Transactions on Instrumentation and
Measurement, 1982, IM-31(2): 83-87.

BERNARD J E, MADEJ A A, MARMET L, et al. Cs-based frequency measurement of a single, trapped ion transition in the
visible region of the spectrum[J]. Physical Review Letters, 1999, 82(16): 3228-3231.

BARWOOD G P, GAO K, GILL P, et al. Development of optical frequency standards based upon the *S,,-’D,, transition in *“Sr"
and Sr'[J]. IEEE Transactions on Instrumentation and Measurement, 2001, 50(2): 543-547.
SCHNEIDER T, PEIK E, TAMM C. Sub-Hertz optical frequency comparisons between two trapped
Review Letters, 2005, 94(23): 230801.

NICHOLSON T L, MARTIN M J, WILLIAMS J R, et al. Comparison of two independent Sr optical clocks with 1 x 107 stability
at 10" s[J]. Physical Review Letters, 2012, 109(23): 230801.

AL-MASOUDI A, DORSCHER S, HAFNER S, et al. Noise and instability of an optical lattice clock[J]. Physical Review A, 2015,
92(6): 063814.

PEIK E, SCHNEIDER T, TAMM C. Laser frequency stabilization to a single ion[J]. Journal of Physics B: Atomic, Molecular and
Optical Physics, 2006, 39(1): 145-158.

171

Yb' ions[J]. Physical



