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Fig. 1 Experimental setup of frequency comparison between optical lattice clock and hydrogen maser

AR SR HS ML 2EA MR %
ot 5 R A BAE R 3K A B o6 5 VS B R AT
(|'Sp, F=9/2)—| P, F=9/2) Ml %2 H. KT
VR /IN B B MR S B O B AR 7 B B E E — A K
20 cm i ULE MEAR B b o b Hi S 8 il o 4 Tk 5 R 3 s
SRR EREE RO R EE N 4AX
109 BR OG5 RS O R 4R — B0, I S A S5
D7 Il A5 HAT 50 %0 (8 80 OGS S B 5 5, T b

POCII AL 225 2 s R A L ITE B — B 235 1)
BN, TG SR B R RS E B L R B 2 R
DL b, O S b 5 A 0 4R R RS E R AE T A b
B R E o 00 R M (OFC, IMRA) B 5 & Jil %
(f,~200 MHz) #1 2% % £ 45 M 1 (f..,—60 MHz) 5
DDS ( Tektronix, AFG3252C) % Hi 19 45 % 18 41 1k ik
Ji it B OFC R H B % G IR ) R Bl e 2
ARS8 R 5 2R O T R E O I ) R A B Ak
L AHAL . DDS By M # 42 % 2 A 40 (VCH-1003M,

1312003-2



£ 435 F 13 H9/2023 £ 7 A/RFZH

No. 5085) % Hi #9 10 MHz {5 5 b, PR 1 38 5o 43 % 1%L
# (KEYSIGHT 53230A) it 5% OFC 5% & 4% #h i
AR 5 W (1) 5 68 6% 3K A5 A B0 i 4 R 1L 3l 1F T

3 SEEREIR 5

T T BR — 2 AR A O I AR R 1
o T 7 RO oE & "So,m,.«:Jr9/2>9
1Py, me=—+9/2) il |'Sp, mp=—9/2)—>
| 9P, my = — 9/2) BRI {9 - AL, 3 3 AOM,
W F 3k OF C ) Bl #0655 23R 8 45 2 90 A B 19 F 29 1
Ah (AR S v A4 s B —R) o N T B 3R B3 i
Jir -~ B5ORI R 7 58 B 45 S B0 AR o 0 o 25 SR 1 2 e 7E
B E AOM, 8 45 5 45U I, & 4 F eI R ST A
S5 (R GEH0 A% 18 1E 45 00 R i 58 A K R 5. 1<
10 ) 4nBR T &I R G AR, B8535 OFC 1 8ot
BB N TCAN G s B S AP BRI R . N T AT
2 U Bh 1 7 ST e SR B AT R E 4T T 4 10d,
BRI (S % B A8 iE A aE 2(a) Bis . I
AR, TS RS O R AR A T

(@) 0.4F ~original data
03l - average per measurement

0.2/
0.1
0
-0.1
202
-0.3F
-0.4}

—6575.200315) /Hz

|
[ )

(f, ~6575200.315) /Hz

¢,

1-6

59804 59806 59808 59810
Modified Julian Day

59802

AT RS (T e MR G TR R 1Y R G AR I R RN
Ap RAKEE SRS | W 2E S AR AL % B A AL AN A il R
25 DU AR 18 W00 7 4 OC 2R 498 S 0 QIR BE 7 349 A Bz 1)
ANH A B G /N R U B 2 6 AE 5 i R A ] il
G5 ) AT LB IE . B8 A BT R4 H
89 %, T &l 2(a) 7w 1) fi A X F S BR 1 450 R 1) 28
BYRMmME, SERME2(b) IR, ATUES, Q85
A Hiy P R S A LG A A AR B A 2, SR W PR R A
T B A M R U, DR O R S e B IR B D B Y
i R T MR R N HLRE I S AT I S E A
DI/ AN SR as 7 R SR 22 . AR HE B AL
M 7 AR B SR MR P R A R AR R (A L) A
MR (A,) 0 N BRI 7S (AL) IRl B iE A& M
(A,) o 75 EF A IS0 A A B ST, nf AR 40 45 s s 3
& M 22 Bl B () %) 728 Ak Aok i 2 LA R y ()=
Alr P+ Ale '+ Al + Al (e I & B[R] ), R AE
SRR R B 38 I R B B 5 AU R AR X
FROERE, MR 4 MRS H A =2. 21 X10 ¥ (¢/s) ',
A,=3.05X10 " (z/s) *°, A;=6.01X10 " Fl A=
4.49X 10" (¢/s)7,

®) + 0, UTC(NTSC)-HM
=1
g 15 e 0, OLC-HM
'E = 0,,0LC
< 104
g
<
w0101 e
=] x 7
& \;\i~ — fitting line
=210} s - - - fitting line
g = LS .,
10_17 E . . \nbl - D 6
100 100 10*  10° 10*  10°
Averaging time /s

B2 SR AR E BN o () 'Sl di i Bl 506 S BRI 5/, b O i 3R B UM et B B0, R 250 Lo Rl 22 5 (b) £ TR
TS R A AR A 22 B AR i 22, T IR 2R S 0 R AR AR L A AR, SR SRR B ML PR B UL S Y A5 AR
SRR SR BB L X AR B B R e MU A A5 R [ E R RO — 0.5, [ EEXRREE N 6. 6107 (¢/s) "7, = A

oy S 5 A i P R L SR G Y R E S

Fig. 2

Stability measurement of the H-maser. (a) Beat frequency f, between *’Sr optical lattice clock and optical frequency comb (the

squares represent the mean value of each measurement and error bars indicate 1o standard deviation); (b) overlapping Allan

deviation between f, and the frequency of “Sr optical lattice clock {circles indicate the stability calculated from the comparison

data between the OLC and H-maser, the solid curve is the fitting result using the stochastic noise model, squares are the

interleaved self-comparison stability of the OLC, the dotted line is the linear fitting [with a fixed slope of —0. 5, showing an

interleaved self-comparison stability of 6.6>X107" (¢/s) ~"7],

and the triangles are the stability of the hydrogen clock by

comparing with the local Coordinated Universal Time (UTC-NTSC)}
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Abstract

Objective

Optical clocks have developed rapidly in the past 20 years and have achieved a systematic uncertainty of 9. 4 X

107" and frequency stability of 4.8 X107 @1 s. Except for the generation of standard time and frequency, optical clocks

have many important applications, such as verification of general relativity, measurement of possible variation of the fine
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structure constant with time, detection of ultralight bosonic dark matter, quantum simulation, and relativistic geodesy. As

more and more systematic uncertainty of the optical clock enters the order of 10", and the absolute frequency
measurement accuracy of the optical clock is fundamentally limited by the systematic uncertainty of the "Cs fountain
clock, it has been proposed to use optical frequency transition to redefine the second in the international system of units.
The 27th General Conference of Weights and Measures (CGPM) officially passed a resolution: The 28th CGPM will be
held in 2026 to discuss the choice of optical clock types for redefining the second, and the optical frequency transition will
be formally used to define the second expected in 2030. One of the main methods of absolute {requency measurement of
optical clocks is to trace the international atomic time through a satellite link, and measurement uncertainty of less than 3 X
107" is a precondition for the redefinition of the second in the international system of units by the optical frequency
transition. In this complex tracing link, the uncertainty caused by the measurement dead time of the hydrogen maser is one
of the main sources of absolute frequency measurement uncertainty for most optical clocks. After removing the
contribution of frequency drift of the hydrogen maser, the statistical uncertainty caused by the measurement dead time of
the hydrogen maser can be obtained by numerical simulation. This method needs to know the relevant parameters of the

noise model of the hydrogen maser accurately and then generate the relevant random noise sequences by software.

Methods In this paper, the frequency comparison between the ¥Sr optical lattice clock and hydrogen maser is made by

using an optical frequency comb. By calculating the stability of the frequency ratio and fitting with the function of y(z)=

Alr P+ Ajc '+ A’ + Alc' (¢ is the measurement time, and A, , indicate the amplitudes of phase white noise,
frequency white noise, frequency flicker noise, and random walk noise, respectively), the values of A, , are obtained.
Finally, according to the noise model of the hydrogen maser, we use the software to generate random noise series of
86400X5 s, 86400X10 s, and 86400X 30 s, respectively, and calculate the statistical uncertainty of optical frequency
measurement under different effective operating rates (the measurement dead time of the hydrogen maser) and total

measurement durations.

Results and Discussions The parameters of the noise model of the hydrogen maser are determined as A,=2.21X
1077 (¢/s)7", A,=3.05X10" " (¢/s)™"°, A;=6.01X10"", and A,=4.49X 107" (¢/s)"", respectively after about 10-day
measurement with an effective operating rate of 89% [Fig. 2(b)]. The frequency difference caused by the measurement
dead time of the hydrogen maser is simulated 100 times by using the method of generating random noise sequences (using
the software of Stable32) according to the noise model. Three types of random noise sequences are generated with a total
measurement time of 86400X5 s, 86400X10 s, and 86400X 30 s, respectively. The difference in the mean frequency
from the total mean over partial times is calculated for the specific case. Each case is repeated by 100 times, and the
measurement uncertainty caused by the measurement dead time of the hydrogen maser is represented by the 1 times
standard deviation of these results. Figure 4 shows the calculation results of the measurement uncertainty as a function of
the effective operating rate. The measurement uncertainty due to the measurement dead time decreases with the increase in
the effective operating rate, and when the effective operating rate is less than 10% or so, increasing the total measurement

time can significantly reduce the measurement uncertainty.

Conclusions In this study, the frequency stability of the hydrogen maser is measured by comparing the *Sr optical lattice
clock (with an 89% effective operating ratio and a total measurement time of about 10 days) with the hydrogen maser for a
long time. By fitting the data of the {requency stability of the hydrogen maser with the noise model function, the influence
of each noise of the hydrogen maser is determined as 2. 21X 107" (¢/s) ™" for phase white noise, 3.05X107" (¢/s)™"° for
frequency white noise, 6.01>X10 ' for frequency flicker noise, and 4.49X10 " (¢/s)*" for random walk noise. The
calculation results indicate that the measurement uncertainty caused by the measurement dead time of the hydrogen maser
decreases with the increase in the effective operating rate, and when the effective operating rate is less than 10% or so,
increasing the total measurement time can significantly reduce the uncertainty. This work can be widely used to measure
the absolute frequency of optical clocks by tracing the international atomic time and provide an important reference for
selecting the effective operating rate of the optical clock to reduce the measurement uncertainty caused by the measurement

dead time of the hydrogen maser.
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