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Research on the optical time scale based on an optical clock
with the single “’Ca* ion
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Abstract ; Optical atomic clocks have been improved greatly in recent years. The Consultative Committee for Time and Frequency ( CCTF)
proposes the redefinition of the second in the International System of Units SI based on the optical clocks by 2030. The technology plans
and practical steps are discussed. Therefore, the development of optical time scales with optical clocks and microwave clocks is the leading
research topic at home and abroad. By an optical clock with a single “Ca* ion (TOC-729) steering a microwave clock H, we study the
optical time scale TS (Ca"). The uptime of this TOC-729 is 87% over 7 months, and the frequency instability is 8E-17/day expressed by
the Allan deviation. There are two measurement methods of the optical clock TOC-729 relative to the microwave clock H, namely locking an
optical frequency to a microwave clock frequency (the up-converting method) and conversion of an optical clock frequency into the RF
range (the down-converting method). The up-converting method amplifies noises from the microwave clock H. The frequency instability of
measurement data is inferior to the microwave clock H. For the down-converting method, the frequency instability of measurement data is
almost the same as the microwave clock H, showing that the optical clock can accurately measure the microwave clock H with this method.
The free-running H clock is compared with the signal down-converted from TOC-729 by recording the phase difference, and the frequency
offset in H clock frequency is corrected by a phase micro stepper. The optical time scale (Ca™) is independent, which steering to UTC is
0. 6ns in a month. The research is significant to establish and maintain the international time scale TAI with highly stable optical standards
redefining the second, and the work can also improve and develop the national time scales in China.
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Fig. 1 The design of a robust compact transportable optical

clock with a trapped single *Ca* ion
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Fig.2 Generating an optical time scale using the method of locking

an optical frequency to an microwave clock frequency

f;lnckfz
E(f) Soeat
s
/,
oy
N | 3 L N
In 2nf, + f,
Jo Wofy A f)

P x2 | >
fo=2(nf, + f)-@2nf, + £,)

B3 Ay 5
Fig.3 The up-converting method to measure the optical clock

relative to the microwave clock H
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Fig.4 Generating an optical time scale using conversion of an

optical clock frequency into the RF range
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The down-converting method to measure the optical

Fig. 5

clock relative to the microwave clock H
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Fig. 6 The uptime of this robust compact

transportable optical clock
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in the up-converting method

2) A AR T 5

JeBh e AR T S HEA T IR T Fe s m 2
Tl , AR B AR 5 5 B AR S B A FEAR SO A T
FEXT, Wi 9 B, X i R e 5 A B L T E A,
PRLHC S B 1RG0 TRl S 0 sl 00 | A
T AT AT JR T S A 430 5 o 1 J3E | 1 3 LR A S AR S B
FHER PEA

—=— SHH
103 ##RCa-H
LS *— FE#Ca-H
\*'ig —e— J#hCa
10 *'\ .
oo H_
P ® -‘t
e _H, 9
Ronr Sel Mny, :
@ o g hag
= . R
= LN L S
107 Tee, ¥
*es
\i‘é
107
Il Il 1 Il Il L 1 I}
100 10° 10! 102 103 104 10° 10° 107
i [a]/s

B9 THAR Ca-H M5 S R0E R
Fig.9 The frequency instability of measure data Ca-H

in the down-converting method

2.4 RHBWSHREEXTLE

R FH AR S TR e A B 8 Y 10 MHz 55 FITA
BT 10 MHz {55, 15 H A K 680 DA ) 2080 05 %, 1
SRR, FIAERLA TR, AT LA S 24 1 A4 AR A
R AR 10 PR, B RORE SV 2 o i A e
AHFADLER T, 2 B il S5 5, F= A B A% TS(Ca™)
{555 . U SCEIhR B HERR B e B 52 B il Oy vk 2%
YIHE



150 & L £ ¥ W

a5k

2051075
3.0%1075
-4.0%1075
-5.0%1075
-6.0%1075 -
7.0%1075

AR B

801075 F
-9.0<1075 -
107101 F
1101

-1.2x10
60 197 60207 60217 60227 60237 60247 60257 60 267

TR AL s H
10 ARG A 12 45 SR 0 42 T 0 4t 2
Fig. 10  The frequency offset of the H clock measured
by the optical clock
it TLRBER L K B BIPM A il Circular T 2048
BEEIER TS(Ca™) 55 UTC #EA7 Hexd, i 11 s, H A
R WIIREE AT E TE 2R 0.3 ns, SIS AT RIEH FR
TS(Ca’) —H W5 UTC fiZAFF7E 0.6 ns LA,

T$(Ca+)-UTC
0.1

00 =
-0.1r
02r

i % /ns

_03 L
04}

-0.5 ¢

10/01 10/05 10/09 10/13 10/17 10/21 10/25
B ]
B 11 SEEIAR TS(Ca™) [ UTC B35 A5 BE

Fig. 11 The optical time scale TS(Ca") steering to UTC

2.0x107° 1
-3.0x10%
-4.0<107"
-5.0x10"
-6.0<107"
-7.0x10°7"
-8.0x10°1°
-9.0x107"
-1.0x10
-1.1x10

1 2x10 . . L . . . L
60 197 60 207 60217 60227 60237 60 247 60257 60 267

T LR g H/MID
P12 B U X L
Fig. 12 Algorithms comparison of steering
Rt — T e 2 LA W SR A T 5 o I vk
5 R IR S B WL B PN A 2E (L HEA T X bE, AT 12 TR

RSP

AT LAVE B R R 2 Ik M (I, T — 5
BRI AR IR B i 1 28 OGIT AR, i — 25 ¥R A HOG I 5
PR R R B2 RO R I

3 & i

PA— /N AT iz B985 8 OB o SRR T R AS
B AR TS(Ca" ) SPRHEORATTE . 858 LB S8l 1
H sl SeiatT , 48 His A7 31k 87% , H AR
SEPEIR 8x1071/day . FI CRMGA AR, 4350 %
WARBE J7 SR AR Ay AT e 5 S Y
{57 Hoeh i 45 R 3R W], SR Bl 5 R I ATF R
TSNS TG AR B AR N T ST BL 1O R =
B B UERRI AR B SR AR I R 5 R T
D UEAR2E | AE RS 25 T BR TS (Ca™) , ST Is 4TI
AR TS (Ca") TE—H M5 UTC i 22 PRIF7E 0. 6 ns A
P TR IR 2% A gl vk TN S A 0t 2 S -3, —
HAREETT JR 25 WU VEF 58 T — 20 4k S T Jie 25 BU5% 2 b
78, VAR AR BE
S 3k
[ 1] SCHMITTBERGER B L,SCHERER D R. A review of

contemporary atomic frequency standards [ J ]. Atomic

Physics, 2020,DOI;10. 48550/ arXiv. 2004. 09987.

(2] b3, 5oy, b SCAR o Je i (] I i) 50 25 e e 1) %
JEFIREXF[ )] A5 BIBE R SR, 2022, 7; 2-8.
CAO SH Y, FANG F. Redefinition of unit of time and
research progress of primary frequency standard in
NIM[ J]. Information and Communications Technology
and Policy, 2022, 7.2-8.

(3] BER, TR, 825 O AR bR e pT S [T ] 3%
S5 T2 2023 ,60(11) :44-55.

ZHAO G, LU X T, CHANG H. Research progress of the

optical frequency standard[ J]. Laser & Optoelectronics

Progress, 2023,60(11) :44-55.

[ 4] Draft Resolution E-On the future redefinition of the
second [ RZOL ]. [ 2022-06-14 ]. https://www. bipm.
org/en/ cgpm-2022.

[5] s, TR AR, 455 7 OUMbR B R 22 %)
WA [T ] THIEIAR ,2022,42(5) :86-96.

HUANG Y, WANG Y Z, LIN Y G, et al. Absolute

frequency measurement of Ca™ optical frequency standard

clock transition [ J ]. Metrology and Measurement

Technology ,2022,42(5) :86-96.

[ 6] Primary and secondary frequency standards [ EB/OL ].
[2023-11-157. https://webtai. bipm. org/database/show
_psfs. html.

[ 7] HIDEKAZU H, FUMIMARU N, YUKO H. Months-long



24

P L R TR S R AR TS 151

[8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

real-time generation of a time scale based on an optical
clock[J]. Scientific Reports, 201884243,

JIAN Y, JEFF A S, TARA F, et al. Optical-clock-based
time scale [ J]. Physics Review Applied 12, 2019.
0440609.

POLI N, OATES C W, GILL P, et al. Optical atomic
clocks[ J]. Reviews of modern physics, 2015, 87.637.
MCGREW W F, ZHANG X, LEOPARDI H, et al.
Towards the optical second: Verifying optical clocks at
the ST limit[ J]. Optica, 2019,6 (4) :448.

HUIDONG K H, HEO M S, PARK CY, et al. Absolute
frequency measurement of the 7' Yb optical lattice clock
at KRISS using TAI for over a year[]J].
2021,DOI;10. 1088/1681-7575/ac1950.
Jrs AR, T o . A D' i B e AR AR
D)) P, 2023,52(7) :456-466.

LU B K, LIN Y G, FANG Z J. High precision optical
clock and its
China[ J]. Physics, 2023,52(7) :456-466.
CAO J, YUAN J, WANG S,

transportable optical clock with 1x 107" uncertainty and

Metrologia,

absolute frequency measurement in

et al. A compact
its absolute frequency measurement[ J]. Applied Physics
Letters,2022,5.120.

M B, AR, AN R TR AT S E R[], W)
H,2023,52(7) .449-455.

GUAN H, HUANG Y, GAO K L. The progress of *Ca’
optical frequency standards[ J]. Physics, 2023,52(7) .
449-455.

W2, X KT, B aw AR, Al iRz o't i Bk 5 ik e X e
B[] TR 2023,43(3) :43-52.

PAND, LIU T Y, CHEN J B. Research progress and
prospect of transportable optical clocks[ J]. Metrology and
Measurement Technology,2023,43(3) .43-52.

TR B EOGLE R B AR G i R
FAED]. AEsT h Bk B K2 (b B2 e [ A2
Hrurs) ,2018.

ZHANG Y Y. Er-doped-fiber-based optical frequency
comb: Application to optical frequency measure-
ment[ D]. Beijing: University of Chinese Academy of
Sciences ( National Time Service Center of Chinese
Academy of Sciences) ,2018.

SUTYRIN D V, GRIBOV A Y, BALAEV R I, et al.
Towards an optical time scale at VNIIFTRI[ J]. Quantum
Electronics,2022,52(6) :498-504.

ZHU L, LIN Y, WANG Y ZH, et al. Preliminary study
of generating a local time scale with NIM ¥Sr optical
lattice clock[J]. Metrologia, 2022,59. 055007.

AR, R, E R B, A e A v R R AR

77 T A 187 FHAFFFE [ C . 2023 42 ) 45 38 2 R 2 1B 3¢
£ ,2023.

ZHU L, WANG Q, WANG Y ZH, et al. Research on
generating high performance atomic time scale with an
optical clock [ C ].
2023.

FANG P CH, SUN H Y, WANG Y, et al. A self-

reference direct-measuring scheme for precision optical

Time and Frequency Symposium,
[20]

frequency ratio measurement [ J ]. Applied Physics B.
2022,128.73.
T MG, A iy K e 1) 11 275 0 i HEW O B BRI
FELD]. st b E R Bk 2 I 4 B2 5 HOR A8
BFFERE ,2022.
FANG P CH. Research on the key techniques of the local

and remote self-reference optical clock comparison [ D ]

[21]

Beijing; Innovation Academy for Precision Measurement
Science and Technology, Chinese Academy of Science,
2022.

B RR 2 E ST BE. O B 1 BE AR S I Ty vk
GB/T 20214287-T-469( S]. FEZKIREMATEIZ b 22,
2023.

National Institute of Metrology. Method to characterize

[22]

and measure the performance of optical clocks: GB/T
20214287-T-469[ S]. Standardization Administration of
China ,2023.

JAIGEIR] 8 % AR IR TS R [ )], Je i,
2022,42(3) .60-75.

LU X T, CHANG H. Progress of optical lattice atomic
clocks[ J]. Acta Optica Sinica,2022, 42(3) :60-75.
fEEE N

(23]

SBEF, 1998 4F T P4 LA T RHE R A
B2, oI A SO IE R R
Ll AR, EZWEFE T 1) B R B AR
E-mail ; fengfeng_shi@ 163. com

v
“ Shi Fengfeng received his B. Sc.

in 1998. He is currently a senior engineer at Beijing Satellite

degree

from Xi'an University of Electronic Technology

Navigation Center. His main research interests include clocks,
time, and frequency.
BEC CAFMEH), 2010 4F F AL 50
m SRR E AT 07, 2012 4F T [ B A
ST ORI, B L TR S A
“l O TRRIN, T EWFFETT 0] R I R
k < E-mail: emf100@ 163. com
i & 3w ‘ Cheng Mengfei ( Corresponding author )

.

received her B. Sc. degree from Beihang University in 2010, and
received her M. Sc. degree from National University of Defense
Technology in 2012. She is currently an engineer at Beijing
Satellite Navigation Center. Her main research interests include

clocks, time, and frequency.



