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Fig. 1. Overall schematic diagram of the experimental setup.
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Fig. 2. Partial energy level diagram of 4°Ca™ showing
the principal transitions used in cooling, repumping

and probing of the reference 729 nm transitions.
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Fig. 3. The miniature Paul trap.
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Fig. 4. Schematic diagram of ion loading and laser cooling.
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Fig. 5. The 397 nm laser stabilization by a transfer cavity.
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Fig. 6. (a) A 1 Hz linewidth beatnote of two 729 nm
lasers; (b) the stability of the 729 nm laser.
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linewidth.
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Fig. 8. The picture captured by an EMCCD.
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Fig. 9. The stability of °Cat optical frequency standard.
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Table 1. Systematic shifts and uncertainties for the evaluations of 9°Cat optical frequency standard, all the

numbers shown are in millihertz.

Jekh 1 Jedh 2 S 2-5 k1

BRI R A W AHERE
TRRERST —354.5 7.8 —354.5 7.8 0.0 2.4
HRAEST: Stark 4L 5.2 5.2
B oz sl —17.0 17.0 0.0 4.6 17.0 17.6
FiE Bk K Stark 2N
FIBHNERMIZ B 5 LR B Doppler (% —6.7 3.4 0.0 0.3 6.7 3.4
FIZBNIE R K Doppler M -7.8 3.9 —4.7 2.2 3.1 4.5
397 nm WO I ac Stark RM 0.7 0.7 0.4 0.4 -0.3 0.8
866 nm WOLIE KM ac Stark M -0.1 0.1 —-0.1 0.1 0.0 0.1
854 nm WOLIE K ac Stark ZR —-0.1 0.1 —-0.1 0.1 0.0 0.1
729 nm WOLIE L ac Stark KM 3.0 3.0 0.3 0.3 —2.7 3.0
F PO A 0.0 1.6 0.0 1.5 0.0 2.2
—Br Zeeman 0.0 0.6 0.0 0.6 0.0 0.8
¥ Zeeman 0.1 0.1 0.1 0.1 0.0 0.1
FE YA ] 5% 512 1 WA IR 28 0.0 0.1 0.0 0.1 0.0 0.1
A 5| N 0.0 0.1 0.0 0.1 0.0 0.1
[CIZE SIS 0.0 0.1 0.0 0.1 0.0 0.1
—Pr Doppler RN 0.0 0.1 0.0 0.1 0.0 0.1
fi Bl i 2% 15.9 8.1 16.0 8.0 0.1 8.4
VAL oA 0.0 0.4
Mt —367 22 —343 14 24 21
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Fig. 10. The measurement scheme of absolute

frequency of 49Cat optical frequency standard.
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2D5/2 transition of 4°Cat optical frequency standard
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2 BB TR ERAT A AR A R

Table 2. Uncertainty budget for the absolute frequency measurements between November 2014 and January 2015.

SR +—A +=H —H it
Wik /Hz AWERE/Hz Bk /Hz AWHEE/Hz Bk /Hz AHCE/Mz Wik /Hz AHCRE/Hz
RGREZE (K1) 0.37 0.02 0.37 0.02 0.37 0.02
Gl IR 1.25 0.05 1.25 0.05 1.25 0.05
giit 0 1.3 0 0.3 0 0.4
il UTC(NIM) SEBl AR 187.7 0.5 191.5 0.5 192.1 0.5
UTC(NIM) #%5-F TAT BFE —0.7 0.8 -0.7 0.8 —0.4 0.9
TAT AT 58 SIS 0.29 0.11 0.22 0.11 0.24 0.16
S 188.9 1.6 192.6 1.0 193.5 1.2
ZHE LR IR (B 12) 411042129776590.2 411042129776594.5 411042129776595.2
WA HI AR —411042129776000  401.3 1.6 401.9 1.0 401.7 1.2 401.7 1.1
HbhZZA MR EE R LE 1L, %53 ac Stark XUV, 2 ac Stark NN, 51 NBOGT)
SIFP 2 Ja B e A & A8 WL 3 2. 045 6 50 BR Gk WA BRI A 40Cat B 7 AR B ik I X5 N ) JBE 4 U
N 411042129776401.7(1.1) Hz. H3 I & 45 R4 K, ) 12 88 40 U K 0 S B R A G A 2% AT
BIPMH [H B IS R0 2 S 22 2B (OCTR0- g g e 1) 4 e o = 185 7 4 B 405 3 3 AR
oy A R RO BPHIOLAEIES gty RO LA, RAWRT 00" B
' B RO 0 B ) BE TG (B 12), FEar i T RS R
4.2 BLIRKNE % (#3). WREFEAA 2Dy & |m| = 1/2 10
BTV KSR KRR T, B D A = 1/2 = 895.7992(7) man, 80 "Dy &5
N . - o im| = 3/2 BIBELIBAK Ny j=s/2 = 395.7990(7) nm,
TR T EFEARAAARAG SR S e
%, WOLHTS AR ac Stark Bl B RE ik, T TR e SRR,
BRI KA R T A B DU B ey B 45 D1 4P TPaye RSy 0 dp TPy BULIGR
V2 IR F, T B LIV R TR AT SR 1 b T TRFELE A 2.009(4), AHAEE 2.0 x 1073, A5
I 2 JE e A I — /™ B R R T 1. TG AR T TS AL TSI AR, [RIIN 32t S
FE0Cat BPOIRBUE BT, SIASA B (BLIBK) N2 B 1 1014 & AR i N 4%
— WO, MR ZEOEE B 40 Cat BB ERIT 1 BT AR R 1901,
PO
2= AOM1
729 nméhik
TEHSOES Pz
_femis

TP

HHER T L

729 PRI

HokE:

BRI | ik
JFx) # .
Sl 866 nmigot:
ED 397 nmit 854 Mot
JGHA &%

K12 F5E T uitsu

Fig. 12. Schematic diagram of the ma,

BRI LI ETT

gic wavelength measurement setup.
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3 BRI AIN & A E B B
Table 3. The uncertainty budget of the magic wave-

length measurement.

RYRZET Wt /pm  AHEE /pm
WOLG Tk 4l 0 0.60
WOLLAmAt L 0 0.01
¥ Doppler X Stark #iif% 0.01 0.01
BT R 7= 0 0.06
it e 0.20
Bt 0.01 0.7

4.3 3d 2Dz, M 3d 2D5, SEDNE

B H AT N 1L 3d 2Dy ) A H IR A SR &
T I A BN B T A N 1.176(11) s 53
W45 5 1.196(10) s WOIASEE, AT & 7 IRiE
D5 [N 25V 20T Paul BEH I BRAS 40Cat B, K
A AT & it e, IR RG R E
(866 nm WOLHI LR [F AR R AR R K Bl 55
TN G R 22 55) 140 M, 8RR A R
BB IE 775, K iifa 375 4y 8 1.195(8) s,
ZAERHHIS TR 1 —5

AR o 0 1 AS RN T 925 CA B v b B v
[ 25 ik o B e, A 00 = TN 25 AE Paul B A ) B4
0Cat BT HIRITIGLL, G THE T 3d 2Ds 0 &
5, 45BN 1.174(10) sBT fE B FERE b,
8 a0 R O RE A B N B TR 2[RI &R 48y
HT 7 w1866 nm WO DA R Fh AR A R Al
B DL RS MR GE T R 2 2, RO A A
afi 55 o) LEAT o, E— 2D T E I R SR
7%, WA T 3d 2Dy 0 5 A 1.1650(27) s 1B,
ZAE RGP S T P45 R 1.168(7) s
F1.168(9) sl —5 &4 LN &, 7
F4s 28 /5—3d *Dy ) BRIT {9 DY BRIT 56 ot
7.936(26)ea? 1%,

5 REHRE

AR, BATRAH I ULE 2 R4t g 4n5k
AR B PR3N DL RG], ST 729 nm B R
EWOLAS 1100 s AR FaE BT 2 x 10715
TR T W & AR 1 be o SE 6, @ i X Ak 3
IR 558 80 8L 1 47 okl B e A, e i) R TN 2 B T 1E Bl

[, K B AN BT R AR I A B e B PR AR &
5.5 x 10717; 20000 s 2 FEIA R 7 x 10717; T
R FE A% B8 ORI &, AT T HH OGRS B = 1) T
VB, W6 3T GPS RS ks P B e A4 ot
B B 7 8, BV T A B T 0 ' A R G 4t
1B S BRI E 145 B 1 I B R BE L) I KA Aa 2
FHAT.

FEATRR T 0 R B PR Bk . AT — 2
R B R R T A B oAb H R BR 4 e AbR
B P 1 2 ZEARYR, 76 T NS T I sl b Ak
RN AN IR R G IR 22, T A A
7 BRSO L B TR A L T SO R
RS2 B g 2k N 4[] AT 9 S B R o) RO 2k
FONLER, BB INEOGER 58, (E M IERE b B
ANHfE N 10718 S B T e A0ib.

BB T AR RO R R T O AT bR 35 K R AR
P, BETS 454 4% B I s, TR AL AURR I 9
PR AN I BRI bR v B BB

RV, 2T JRE v s P AR (1) B P BIE 7 3@l
AT 1) P LS, S B AT ) LA & 45
i P (0 e AT A, A5 5 7 6] o Ao 1) £74) 238
58 AR FRATT TTHR; R wSA AR AR B AT
B, SIS T B R) A% 1) B AR 3 5 AR 06
FEL A B H HOM &, JF e 58 BN 51 I RS
YUEARZR; AR 25 DU I AR B7F dh) 12k R 3¢
() SF i) 2R 85 A JE S T i A R I N AT R 4 B e
filt; SEILAS TR HEATRR, A K (1 AR 58 A1 R G 84
FE.

Ve 2 ROt FE A 22 A 2 R AR SR SS L
AR BELE S IRFEARL TRAEFF IS AR, RERSC B
ZEAT T VBN EOME SOV Xl g BROR 4 S T
EPHERR R HE B AT IR S Y B AR DL 5K - Bt AN R
SR CAII & (Y B A G R B S BE 2 R L K
opA: 2R R Y] Bl J. Mitroy. B. Sahoo. ZEBLFI[FRZRA4E
HIE1E; BT %4 K. Matsubara.P. Gill.J. Bergquist.
SR AR B EET AR EMA T EE R
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SPECIAL TOPIC — Physics in precise measurements

WOCatoptical frequency standards with high accuracy*
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Abstract

With the development of the technologies in the lasers and the manipulation of cold atoms, the high precision optical
frequency standards have been extensively studied and built in recent years. These high precision frequency standards
may play an important role in establishing the new time reference, promoting the researches in the fundamental fields,
fulfilling the national strategic needs, etc. In this paper, the research progress of high accuracy “°Ca™ optical frequency
standard in Wuhan Institute of Physics and Mathematics (WIPM) of Chinese Academy of Sciences is presented. A
new ULE super cavity is adopted for stabilizing the frequency of 729 nm clock laser, and the stability of the laser is
improved now to 2 x 10715 in a duration of 1-100 s. By controlling the external fields and other environmental influences,
especially suppressing the micromotion effects of the trapped ion, the uncertainty of the optical frequency standard based
on a single *°Ca* is reduced to 5.5 x 107'7. The stability of 5 x 1077 in a duration of 20000 s is achieved via the
comparison between two °Ca™ optical frequency standards. Several precision measurement experiments are performed,
based on the high precision *°Cat optical frequency standard. The absolute value of the clock transition frequency of
the °Ca™ optical frequency standard is measured second time, using an optical comb referenced to a hydrogen maser
which is calibrated via GPS referenced to UTC (NIM)) using the precise point positioning data-processing technique.
The frequency offset of UTC (NIM) relative to the SI second can be evaluated through BIPM circular-T reports, and the
newly measured value of 4s 2S; /2-3d ’D; /2 transition is adopted by CCTF-20, thus updating the recommended value
of 4°Ca™ optical clock transition. Besides the absolute frequency measurement, the magic wavelengths of °Ca™ optical
clock transition are measured precisely, and this work is a milestone for establishing all-optical trapped-ion clocks. The
lifetime of the 3d 2D3/2 and 3d 2D5/2 state in “°Ca™ are precisely measured, too. The work mentioned above contributes

to the researches of the precision measurements based on cold atomic systems.

Keywords: optical frequency standards, precision measurements, ?°Ca* ion, magic wavelengths
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