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Fig. 1. Development of systematic uncertainty of optical

clocks.
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Table 1. Systematic uncertainty and stability of single-
ion optical clocks.
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Fig. 2. Schematic diagram of TAI steered by an optical

clock.
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Fig. 3. Development of steering the TAI wusing optical
clocks: (a) Number of each institution in steering the TAI
using optical clocks; (b) number of optical clocks involved
in TAI steering in each issue of the Circular T, the hollow
circles correspond to the vertical coordinate on the right, in-
dicating the cumulative number of optical clocks involved
in steering the TAL

k. 5 SRR ERIEATR A A 5k S B H B
RERF LRI A B
UAB = Ua/UB O Ot fipd' Gy (1)
Horb, ki (0= apan, Mpes 9p) = dIn(v,p)/dIn(i) FoR
Mzﬁv\ﬁﬁﬁ/%éﬂt (L 3 Z2 AT 53345 O0) i s AR T
TR BRI MR A T, D6 i) B BRAE A e 2 B
XF ey A, T 5 T K 200 B 54 1) Tl i i
B (4N 133Cs FSTRD WS k), HAR AU B
T pape R gy PRI, 308 52 3000 S [) D BR AT AR 30
MY LG S TR SC R, wRE LA ar oG BT A
PR BSOR 75 BERT R A5 k. 4R b, 38 5 g A [
Jeah Z R F AR, AT LB AMOULI oy Pl IS 1]
AEAk.

e 3 NG T PR L (R R i T] ) £
PETERS AR S H I O R R Ry (4 = o,
Fpos gp) [23,26,6291-93]  9()23 515, @ﬁﬁ:}‘lﬁﬁ [:KXfF‘?iﬁﬁ_‘E/i;%Q
W 8 [7]— 5 YERI AN R BPBRIE 9%, Filzinger 45 120
F Y bR E3 RN B2 SR A L (E 19 AR 1k
R E N-1.2(1.8) x 1018 a L(J 5 B &) A 2020
9 H 5 H—2022 4 11 A 11 H), KL (1/apy) ¥
(dagy/dt) = 1.8(2.5)x 1019 a L, JEHFTHIEX apy
A Ak T A A R BRI S8 I S R 193Cs
SRR LU AR RN [R] 9 284k, TEHIBR apy A g, 55
AL R (Gl I AR R G B AR ), T DAHEWT 1
(LR PR RS R, 2021 47, Lange 45 192 38 i )
MYbHEH 1) E3 BRIT 5 B3Cs BUR AR LIE S
B A A 96 28 (2010 4F 10 A 10 H—2019 4F 12 A
13 H), HEBHH (1/mp0) (dppe/dt) = 8(36)x1071% a .
52 FR TGO B ARG B, 8 S 5 T B
FOARLAY 5 57 Bt (P H I TR) A REE A 10717 &
9. 3 —J7, JAEDEEN SO0 A AT B I AR
B RE T DURAR IR A 1017 8, (HH ST agy HY
B, - BEA I A U 6

R3OS LA 2R

Table 3. Optical clock constraints of varying fundamental couplings.
JRFApey UAB/UAB/a™ 1 Kagm K pipm Kegp

19 g+ /2TAL+ 5.3(7.9)x 1017 [23] -2.95 0 0

MyYbh+(E3)/ "Ybt(E2) ~1.2(1.8) x 1018 0] 6.95 0 0
133Cs /1Y b (E2) 0.5(1.9)x 1016 1] 1.83 1 -1.266
13305 /1Y h+(E3) 3.1(3.4)x 101712 8.83 1 ~1.266
133Cs /199Hg* -3.7(3.9) x 10 16 %] 5.77 1 -1.266
133Cs /98y 4.2(3.3)x10 17162 2.77 1 ~1.266
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A 2E. 55 1 Ay SRS ) ARAR R I A TAT H.
BB RO AR PP RE ], (DL EEM 5 =k
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2020 4, Takamoto 55 55 ¥1 ) & 1l 32 A9 87Sr 6
s S 2 S A AR S 2 3 B EC TR A TS,
A 222 452.7 m. ARG 51 FIA5AS B A 2R
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Fig. 4. Schematic diagram of testing the LPIL: (a) Two inde-
pendent optical clocks verify the LPI, W, and W, represent
the gravitational potentials at the locations of the quantum
reference systems of optical clock 1 and optical clock 2, re-
spectively, Aw,q denotes the gravitational frequency shift
difference between the two optical clocks; (b) gravitational
frequency shift measurement based on an optical lattice
clock, the optical lattice is aligned along the direction of
gravity, with a gravitational acceleration of g, atoms in two
uncorrelated regions of the optical lattice can be treated as
two independent optical clocks, with a height difference of

dh and clock transition frequencies of v, and v,, respectively.
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Fig. 5. Schematic diagram of chronometric levelling, two
optical clocks located at different measurement stations,
with gravitational potentials at their respective positions
being W; and W,, and clock transition frequencies of v and
vy, the elevation H; obtained through spirit leveling is the
orthometric height, while the ellipsoidal height measured by
the GNSS is h;, the difference between them, Ah; = h; — H;,

represents the undulation of the geoid.
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SPECIAL TOPIC—Principles and applications of quantum optics

Research progress on precision measurement
based on optical clocks”
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Abstract

Optical clocks, as the next-generation time and frequency standards, achieve ultra-low systematic
uncertainty and frequency instability by precisely referencing the local oscillator frequency to the optical atomic
transition frequency. Since the successful development of the first all-optical "’Hg* optical clock in the early
21st century, optical atomic clocks have made remarkable progress over the past two decades. Currently, state-
of-the-art optical clocks have achieved systematic uncertainties and frequency stabilities at the 101 level,
surpassing traditional microwave atomic clocks by more than two orders of magnitude. This breakthrough has
opened up new research areas in fundamental physics and precision measurement.

This paper begins by reviewing landmark developments in ion optical clocks and optical lattice clocks.
Corresponding tables are provided to summarize the best performance metrics achieved by all known research
groups, along with the specific optical clock types developed by each group. The main focus of the paper is a
review of precision measurement applications based on optical clocks, covering four key areas. First, the method
and typical setup for steering international atomic time (TAI) using optical clocks are introduced. The
principles underlying optical frequency measurement data submission are summarized, followed by an overview
of progress in TAI steering with optical clocks. Second, the principles for constraining variations in fundamental
physical constants through optical clock comparisons are briefly outlined. Recent results regarding the fine-
structure constant and the proton-to-electron mass ratio are presented to demonstrate the ability of optical
clocks to probe such variations. Third, tests of Einstein’s equivalence principle are discussed, including
principles and recent advances in examining local position invariance and local Lorentz invariance using optical
clocks. Local position invariance is tested by measuring gravitational frequency shifts between clocks at different
geopotential heights or within distinct regions of a vertical optical lattice. Local Lorentz invariance is tested by
comparing optical clocks with different quantization axes; recent advances have raised the upper limit on
Lorentz-violation coefficients for electron-photon systems to the order of 102! Finally, chronometric leveling
based on optical clock comparisons is presented. A comparison with traditional geodetic methods is provided,
highlighting the advantages of the chronometric approach. The paper also details recent experimental progress
in chronometric leveling.

In the outlook section, the paper analyzes potential research directions for further enhancing the
performance of optical clocks. It also explores the possible advancements in precision measurement applications,
such as constraining the variation rates of fundamental physical constants, as the performance of optical clocks
continues to improve.

Keywords: optical clocks, precision measurement, chronometric levelling, atomic physics
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