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Abstract: This paper mainly reviews the work on the physical system design of the liquid - nitrogen - cooled
“Ca* optical clock, the evaluation of its uncertainty and the optimization of the stability for the **Ca* optical clocks
in the Innovation Academy for Precision Measurement Science and Technology of the Chinese Academy of Sci-
ences. The liquid-nitrogen-cooled system creates a liquid-nitrogen temperature environment (~ 80 K) for the *Ca’*,
which greatly reduces the blackbody radiation (BBR) frequency shift of the **Ca" optical clock, and improve its sys-
tematic uncertainty to 3.0 X 107"®, becoming the fifth type of atomic/ion optical clocks with uncertainty reaching to
the 107" level. In order to optimize the stability of the **Ca* optical clock, the clock laser frequency was referenced
to the Ramsey fringe, and the reference fringe determination algorithm and the automatic peak -finding algorithm
were introduced, making the *Ca* optical clocks run stably for a long time and reach a stability of 6.3 X 107" with
an averaging time of 524 000 s.

Key words: optical frequency standard; liquid-nitrogen-cooled optical frequency standard; frequency uncertainty;
frequency stability

WFSEHE: 2023-01-13; fEEHHE: 2023-02-06

HE&mB . BFxEESH AT (2022YFB3904001, 2018 YFA0307500, 2021 YFB3900701, 2021 YFF0603802,
2021YFF0600102) ; [ 52 [ SR Bh 2 5L 45 (12022414, 12121004 ) 5 i [ Rl B 75 4F 0189 2 #E 2355 H
(mm%3mmw%)$lﬂiﬁ%%iﬁgmm%*i$$UM#wum%nﬁMM%%m%
FEARII H (2022CFA013) 5 Hr ERFE Bk % B 5B R QT 5T Be 2e X F 30 H (S2152201)

Sl A B, EHE, ETO. R E B R E B S 107 S B T ORMIAR L) ). THEE AR, 2023, 43
(3): 116-128.

Citation: HUANG Y, GUAN H, GAO K L. Ca" optical frequency standard with systematic uncertainty and stabil-
ity at the 10" level[ J]. Metrology & Measurement Technology, 2023, 43(3):116-128.




iR

Big5F*E - 117 -

0 3

B AER, ME RO . BRI .
B AW KR, /BT N AR B A W i
A, RS B T IR K R, 1555 TR R Y
IR B 10°~10°F5 , B HTSCIRAR 1) A6 22 B
5500 B AR O 2 24 A 0% s 8] R SCAR M ——4 Ji
FWR BN Y SETORMAR L ERE, BRI
Jry N JE Y E PR 2R 02 OO A S B R AR
TEN Y 9 FIOCIARHES: W IRBFPE L SHIR R, K
SR A BE 23 5L T A bR 4 8 1) ) 28 R J BT S I B
BAQEHIRD 2 SEASR R R A A R R
H ARG B 5 04 T L B Y, el B
e R BE AR T J — 2R GRS ) e S . anaE ik
) 5t VR AN (7] e R 0 4 ] 7 L AL B st (1] 7 4 1)
AN i o BOR: A BERS (] ARk | i 2k ) 2
B AR (] 155 5 2 0 i i T AT Z (o) i e R 2
3 2o A R A 3 55 AN R 1 A ) 7 DG 2R 0 e A
5 S . B Zeeman BiA5 A+ 7
R HAB DR H B . AROK, R B AR R 2 T
& S Raa SR N o U N S [ T B s e (S

AR RGE T I AR R v [ B2 A T
HEARAQUH OB (8 FRRE 2% W B ) 78 W AU
TS B 1 AR A 58 5 T TAE S AE AR A B 1
FEATAR R B 7 T U R . 434 R DU A
55— A G T P AR 1 2 R A 1 S X
B ORI A A A T AR RS
B ORI R LM 5 =8 A T AR
TS B T TR (1) 28 GE AN 52 B2 DEAT 5 28 DU 6 40
A TS B FOUImbR R B A i Je A5 3 .

T

1 E RSttt Rt

[ B b 2 A BB AT 1 OIbR I BESE L
TR 2 W58 1 GBS 1Y AN 7 B MRS E 2 46 b
WAL, —SOEbR A E AR 3EA 107 4
FLRTAR S 5 RN, SR AT S A LS
TR P R OGS A AR . TERLES 1O
AR, BB TN EE T Paul BF Y, B INR
1z Bl 5 225 e AVl A e ANRRA iz B
B AMIAMEE L A 0 RO A R
B FINAR R PRRBRRE . AN RN L BETS
PN BRI E L s SRR R — D3 Tk
PREOCHM | B BOEEE R RE BT 2R
FOHbs L FEd IR ORRR T, R A A
Toldash, T A, A (R A AR
K JF #7508, BT AES R ot =
— R, NG 23 i A R 1) A8 Ui 5 Sl AR RS
K HAHERE . HE 20034, Katori 4 A H FHEE
LI A B WOG A AR I Sfe fif D aZ ) B, G JS O
& I bR ARG K SR e ek R O
Wb IR & LR KR T (10°~10°4) AT LA#E
[F] ISR, AR ARG e B — i LU BA 2 1O Aatb
UF -2 ARG T B RO AR S G R R
JGAAR AR T, H A0 SR TR EOR

2 FEE TR

B B FOL bR Hh 2 A RE 9 S BRAT A0 181 1 B
AN, B ERIT S, ,-Dy, AR ERIE, XN i
KN 729 nm, EREZ D, S FFLI N 1. 165 >,
XF IV B B RO F AR SE /N T 1 Hzo HLAR AR BRI
Sy P, G R %1 R 397 nm W 9% FHAE OB A A1 5

B AR LB IR 8 T ARSI AR

Tab.1  Uncertainty and stability of several widely studied optical clocks"”

LAV HES BRIRIT P /nm NI E S T
TAL 352 'S,-3s3p °P, 267 9.4 x 1071 1.5%x 1075/ /7 ™
Sy 55218, (F =9/2)-5s5p °P, (F =9/2) 698 2.0 x 10781 48 %1077/ M
7Y, 65> 'S, (F = 1/2)~6s6p P, (F = 1/2) 578 1.4 x 107 1! 1.5 % 1076/ /7 12!

"Y' (E3) 6s 7S, (F=0)-4f%6s>%F,, (F=3) 467 2.7 x 10718 21 1.0 x 107%//7 Y
88Q+ 55 %8,,~4d 2D, 674 2.3 x 107171 3.0 X 107/ 7 1
“Ca’ 4s°S,,-3d D, 729 3.0 x 10718 25X 1079//7 24




- 118 - BiES5HE

2023 5% 43 % % 3

. +3/2

P —Ci};% 854 nm

397 nm

729 nm

+1/2
m

-12

BI85 B AR P B RE R 5 BT BT g A )

Fig.1 Energy levels, transitions and corresponding frequencies

'

used in *Ca’ optical clocks'”

FECERM , K1 866 nm 5 854 nm 43 7
Ve T MWIEREZS D, M D, [ B LS00 [0 52, AT
HEFEWOGE EE PR R HEAT 5O TR — R B OB
HER .

B B8 TR 19 28 Hh O U2 BT B O AR X
B, BRI EOE AT ISR 2 SR BB A
e o FEARTHE BV 7 I, B B FOLbR Y
— A SR AP ERAT T BB S A AL R
ZEMH Ao, W, FEAEFEL] NS SR AT 15 B T 162 8
T B 228 AL S S R BT S
AHEHCE o PL— G CIbR Ve i 5k, I
5 8 -4 BRE RS 5 A SR AR 3R 2 (] Y G R ]
P53 JBE LT DN AR AR [] Aok oG ol T A5 S b
BRAE I BB SR AR 25 H Aay, MUK
I3 T 51 Y BB 4K 48 5 (Black Baby Radition,
BBR) il AN 22 B

BBR X AR (4585 ] o Sy 2o
- T;O’é)) Aa(1 +7)(D)
K W REWITCR S T(K)RIERE, K nh
BIERT, 2/,

B TR BRIT 14 Ac, HIXTEE A, H: BBR 445 X}
IR B BRSO B T O bR ) R B
R, St ZAEMES D), KD R B R T AR
RARTR IR T S BB FOUMAR I SRR o A
IR, 855 18P BRAE 11 BBR 51 RS X LA 119 Ak
FREEA KRR, Th T REHO6HR. ARG

Avyy, =

%mw#ﬂ

SRR 1 52 BB S B T OGAIRR 1 R G AN G B
FEARZ 3.0 x 107", Wk EIBR 55 R ASEA @ B 2
A 107 [resiibR

BT OGRS 1Y FR e A Al AL AR B T N R
g, MREERGE . MRS SOLRERG S
BHPEH RS . B TNERGOTE T, 158
WS, TR e A T e BEh
O A SR ARG T WAL . NESBBR B
WA . AN IR R E AR, HT NE T
TR AR ) & LA B YORE R G E Al
BEEd G . CCDARML. ARG (PhotoMulti-
plier Tube, PMT) Jit#ids, M TE FHR 5%
HAE 518 ORGSR & B LR s 1T H
SNPGRS SR G, B XSO %
R P REIATH ;B RS AL FPGA
PRI, 55U L H R IR AR R I 4 o A
PERRY . H T AAE T8 F ORI B i
JCHEA TR S 15155
21 BFREZRSE

LY B T RE R R N AR (EAR R & e
B 08NN 3707 N 4 = ey €t oy 1 o 2
B N PN {OF (i 3A I @ N Brivk e Sl AN R TE 7B J IS
B, BV Paul 25 7 BERINES 25 1 45 85 1Ol
b FH 2 A9 2 M Paul 25 B SAH G LR AN 1A 2 FFTR o
K2 (a) NEFBE, HILEMBCYERIA, Bk
WAL AE A WA SR B SRR, 22 A S
HIB, A — A EAMERAR . B2 (b) e+ B
550 R R WA, L ARORE B T B e A T ]
R R L — AN IR ELAR

BB S I AR T A AE R, AR T
THOE B B R 25 i b, AR 0 B

v

(a) BT P (b) B T-BF5 e AR IR
(a) lon trap (b) Assembly drawing of ion

trap and cap electrode
B2 BT R AR B E

Fig. 2 Schematic diagram of ion trap and its support
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the liquid—nitrogen clock™
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Tab.2  Solid angle, evaluated temperature, and contributions to the uncertainty in

BBR-shift evaluation for different parts of the cryogenic Ca* optical clock
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Tab.3 Systematic uncertainty budget for the liquid-

nitrogen low temperature clock
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5 BEERE

DO TN AR T T R/ 1E i A= e T 5 N 39
MEERG . YOUCRERG . BUCRS . WP HE
il RGP ATERR IR X H R G AW E B AR E
FESEAT TR A00PAG . 19348 T AR RS, #
B TR REATEEH 1.3 x 107fE %
3.0 x 107", {85 25 7 AbR B R B B 55 AP A
i BEHEA 10 B R /8 AR R o [WIE, At
FREYETE ST Ramsey ¥R )7 % M [ h S 6 E
W, KA E T ORHAR K AR E B R T 2 6. 3 %
107%, A EPFRETA

T, PRS2 A bR A B 2 B gk — 20 %
Ry EZE R N BBRAIEE 5 28 lite, H
U, UL IR AU T A0 B v 1 B DA T 5ok
FEAIC BBR RS AN B 1, a5l A =4l 1%
IR BEAR Z M 22 5 W A% B Ol e B Y Ik



iR

Bit5F*E - 127 -

— A A RS

AR B TR R GE

ANH G B A 1070 B g, SRR bR e B
DL o B S R O A O 5 % 3G
M7 2 5 0010 Bk B % R 5 R A5 B T A 1
BRI ISR, 1A 45 B ORI bs 1) e B 4 T 2
1 x 107/ 7 KF.

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(11]

Sk
LUDLOW A D, BOYD M M, YE J, et al. Optical atomic
clocks [J]. Reviews of Modern Physics, 2015, 87 (2) .
637 - 701.
RIEHLE F, GILL P, ARIAS F, et al. The CIPM list of
recommended frequency standard values: guidelines and
procedures[]]. Metrologia, 2018, 55(2): 188 — 200.
HUANG Y, ZHANG H, ZHANG B, et al. Geopotential
measurement with a robust, transportable Ca® optical
clock [J]. Physical Review A, 2020, 102(5): 050802R.
BELOY K,BODINE M I, BOTHWELL T, et al. Frequency
ratio measurements with 18-digit accuracy using a network
of optical clocks[J]. Nature, 2021, 591:564 — 569.
ARNOLD K J, KAEWUAM R, CHANU S R, et al. Preci-
sion measurements of the '*Ba* 6s°S,,~5d*D,,, clock transi-
tion[ J]. Physical Review Letters,2020,124(19) :193001.
HUANG Y, GUAN H, ZENG M, et al. “Ca’ ion optical
clock with micromotion-induced shifts below 1 x 107 [J].
Physical Review A, 2019, 99(1):011401R.
BREWER S M, CHEN J S, BELOY K, et al. Measure-
ments of 7Al" and *Mg" magnetic constants for improved
ion-clock accuracy[J]. Physical Review A,2019,100(1):
013409.
HUNTEMANN N, SANNER C, LIPPHARDT B, et al.
Single -ion atomic clock with 3 X 107 systematic uncer-
tainty [J]. Physical Review Letters, 2016, 116 (6) :
063001.
BREWER S M, CHEN J S, HANKIN A M, et al. 7Al'
quantum - logic clock with a systematic uncertainty below
107"*[J]. Physical Review Letters,2019,123(3):033201.
DUBE P, MADEJ A A,ZHOU Z, et al. Evaluation of sys-
tematic shifts of the ¥Sr* single-ion optical frequency stan-
dard at the 10" level [J]. Physical Review A, 2013, 87
(2): 023806.
HUANG Y, GUAN H, LIU P, et al. Frequency compari-
son of two *Ca’ optical clocks with an uncertainty at the
1077 Level [J]. Physical Review Letters, 2016, 116( 1):
013001.

[12]

[13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

OSKAY W H, DIDDAMS S A, DONLEY E A, et al.
Single-atom optical clock with high accuracy[J]. Physical
Review Letters, 2006, 97(2): 020801.

RAFAC R J, YOUNG B C, BEALL J A, et al. Sub-deka-
hertz ultraviolet spectroscopy of 'Hg*[J], Physical Re-
view Letters, 2000, 85(12): 2462 — 2465.

PEIK E, SCHNEIDER T, TAMM C. Laser frequency sta-
bilization to a single ion[J ]. Journal of Physics B: Atomic,
Molecular and Optical Physics,2005,39:145 - 148.
KATORI H, TAKAMOTO M, PAL,CHIKOV V G, et al.
Ultrastable optical clock with neutral atoms in an engi-
neered light shift trap[ﬂ. Physical Review Letters, 2003,
91(17):173005.

CAMPBELL S L, HUTSON R B, MARTI G E, et al. A
Fermi - degenerate three - dimensional optical lattice clock
[J]. Science, 2017, 358(6359):90-94.

OELKER E, HUTSON R B, KENNEDY C J, et al. Dem-
onstration of 4. 8 X 107 stability at 1 s for two independent
optical clocks[J]. Nature Photonics, 2019, 13:714-719.
BOTHWELL T, KEDAR D, OELKER E, et al. JILA Srl
optical lattice clock with uncertainty of 2.0 x 107 [1].
Metrologia, 2019, 56(6): 065004.

GUAN H, ZHANG B, ZHANG H, et al. “Ca" optical
clocks in ChinalJ]. AVS Quantum Science, 2021,3(4) :
044701.

MCGREW W F, ZHANG X, FASANO R J, et al. Atomic
clock performance enabling geodesy below the centimetre
level[J]. Nature, 2018, 564(7734): 87 - 90.
DORSCHER S, HUNTEMANN N, SCHWARZ R, et al.
Optical frequency ratio of a '"'Yb" single-ion clock and a
%Sy lattice clock [J]. Metrologia, 2021, 58(1):015005.
DUBE P, MADEJ A A, SHINER A, et al. ®Sr* single-ion
optical clock with a stability approaching the quantum pro-
jection noise limit[J]. Physical Review A, 2015, 92(4):
042119.

HUANG Y, ZHANG B, ZENG M, et al. Liquid-nitrogen-
cooled Ca’ optical clock with systematic uncertainty of 3 X
10 "®[J]. Physical Review Applied,2022,17(3):034041.
ZHANG B, HUANG Y, HAO Y, et al. Improvement in
the stability of a *Ca* ion optical clock using the Ramsey
method [ J]. Journal of Applied Physics, 2020, 128 (14) .
143105.

GUAN H, SHAO H, QIAN Y, et al. Combined experi-
mental and theoretical probe of the lifetime of the 3d *D,
state in “°Ca’ [J]. Physical Review A, 2015, 91 (2) .



128 -

Bt 57

2023 5% 43 % % 3

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

(34]

[35]

[36]

022511.

JIANG D, ARORA B, SAFRONOVA M S, et al. Black-
body -radiation shift in a *Sr" ion optical frequency stan-
dard[J]. Journal of Physics B: Atomic, Molecular and Op-
tical Physics, 2009, 42(15): 154020.

ARORA B,SAFRONOVA M S,CLARK C W. Blackbody-
radiation shift in a “Ca* ion optical frequency standard
[J]. Physical Review A, 2007, 76(6) : 064501.

BIAN W, HUANG Y, GUAN H, et al. 1 Hz linewidth Ti:
sapphire laser as local oscillator for “*Ca* optical clocks
[J]. Review of Scientific Instruments, 2016, 87 (6) :
063121.

ZHANG B, HUANG Y, ZHANG H, et al. Progress on the
“Ca* ion optical clock[J]. Chin. Phys. B, 2020, 29(7):
74209.

LETCHUMANAN V, GILL P, RIS E, et al. Optical
Ramsey spectroscopy of a single trapped**Sr* ion [J].
Physical Review A, 2004, 70(3): 033419.

YUDIN V I, TAICHENACHEV A V, OATES C W, et al.
Hyper - Ramsey spectroscopy of optical clock transitions
[J]. Physical Review A, 2010, 82(1): 011804.

SANNER C, HUNTEMANN N, LANGE R, et al. Auto-
balanced Ramsey spectroscopy [J]. Physical Review Let-
ters, 2018, 120(5): 053602.

DUBE P, MADEJ A A, BERNARD J E, et al. Electric
quadrupole shift cancellation in single - ion optical fre-
quency standards [J]. Physical Review Letters, 2005, 95
(3): 033001.

FARLEY J W , WING W H. Accurate calculation of dy-
namic Stark shifts and depopulation rates of Rydberg en-
ergy levels induced by blackbody radiation. Hydrogen,
helium, and alkali-metal atoms[J]. Physical Review A,
1981, 23(5): 2397 - 2424.

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

LANGE R, HUNTEMANN N, SANNER C, et al, Coher-
ent suppression of tensor frequency shifts through mag-

netic field rotation [J]. Physical Review Letters, 2020,

125(14): 143201.

[37] GAO K. The *Ca* ion optical clock [J]. National Science

Review, 2020, 7(12): 1799 - 1801.

[38] CHEN J S, BREWER S M, CHOU C W, et al. Sympa-

thetic ground state cooling and time - dilation shifts in an
Al optical clock (7. Physical Review Letters, 2017,
118(5): 053002.

(AL th#: RIER)

$F—1EE&: ¥ (1985—), F, #%
By, W, RS DT 0 R OIS
FAG BT B IR AN 8
fili . RO . HOXTARIEE A, W
IR SR

EiREE: &M (1979—), B, UK
[ L e =8 0 B S o o7, 11 7
FORgESEIE, B R EE SRR
r Bt 2 i R SR e B4y
B RS e S T 7 TG R M
HARERSZEL . CPEBOLY 42kt
HEGZ . YELT U PISE E R

BIRAEE: otk (1958—), 5, #F
FEOL, W, BRI B O
b RORs e, B IR E A O
Fro H TR 3 2 I TR el 22
RO, PHERO7T3IH “JiFHbs
Py BE S HORIER” | RIS O ) B )
S BOARSEIL” FE S I R R 3
F R JRER AR



