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Research on relationship between locking parameters and
stability of optical clocks
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Abstract: Based on the principles of quantum mechanics and the locking algorithm of optical clocks, the
generation mechanism of the optical clock output frequency noise is analyzed. Stabilities of single-ion
optical clocks was derived from the results of Monte-Carlo simulations and compared with the
experimental results. The times of the single ion interrogated by clock laser in each frequency feedback
cycle N, and the gain coefficient g, were scanned respectively in simulation to studying the relationship
between these parameters and the stabilities of optical clocks. Results show that the Is stability of the
optical clocks is insensitive to N and will degrade when g > 0.45. In addition, compared to the quantum

projection noise, stabilities caused by the clock laser's linear drift is negligible. The proposed simulation
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method of single-ion optical clocks can be easily achieved and applied to evaluate the stability of optical

clocks with custom parameters.

Key words: quantum optics; stability; Monte-Carlo method; optical frequency comparison
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Fig. 1  Frequency difference between two optical clocks
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Fig. 2 Stability obtained by experiment and simulation



R SKRARSE: BT S8 S R RUE % R T R 697

Xﬁ%%%j\lﬁ@h ;H\:%EFEIQE% 4s 2Sl/z -3d 2D5/2’ ;j\:ﬁ IO%Zeeman i%g% Lt igﬁ*gﬁﬁ@ﬁﬁ@glm] |:1/2,
3/2, 5/2 ] =X} Zeeman V& DL YH B — Bt Zeeman 41 F% 5 HL DU B SRS, 6B 14 4 B A% 8 BT ' Zeeman U (1) °F
Byusels SR UE S R, BiUE B Zeeman 1§ 5 EIR =X} Zeeman 4G B AP EE — . v T IR
F ], %5 H S Zeeman U4 32 .

3 BUESHON R E BRI

SR E R T, S AR R I DG B S RO BN RIS I N SR R AL g, RIS R
TG SRSt R] B 23 R B O R R (R B . IR ERE LR N 5 g SEOCEREER R k (AN
Hz/s), £33 1 % Rt A e B th 28 S JLRb A,

BEAULE R Hh 1) FH Rabi UK, PRI 7] 24 80 ms, 143 N, g 5 &k PGB R E B REm, Wi 3. 184 fr,
BT s R R 8 T B TR 5Eot & 20 ER2, H k<0.16 Hz/s, SEI0HEEOL I 26 B A% R
k,<0.05 Hz/so Z50U1F: 1) 2Bt A RALE /N R B 10T BRI, Bl 28 R0 4% o it Bl et 5 B 1K) S i A X

—— k=0.01 Hz/s
asxqo-is] — k=0.08 Hais
L Y T
4,0x10715

~
% 3.5x10°15

3.0x10715
2.5%10715
02 0.4 0.6 0.8 1.0
4
K3 BRS5A%e. kKRR
Fig. 3  Stability versus parameters g and k

—— k=0.01 Hz/s

s | — Kk=0.08 Ha/s

245X107° 4 0,16 Hz/s
2.40%10715

L
> 2.35x10715
§)

2.30x10715

2.25%107%5 4

N

K4 REESHRBNE kKHIRA
Fig. 4  Stability versus parameters N and k



698 B 7R TR 40 &
TR RGNS 2 2) a5 R g>0.45 I, B EBOTIHAZ, R IRZE 5 KT RO SR 4
G ZZ A, FBOE IR AL B M 3) Dl AR E N AR AN AR OB N AR, R N ORI AR
AJ LU SN BRIE S LR M S (BRIE LR AT R 75 1E BT 1/ /), (EUSRFE BT K, o R RD AR AR

R B S50 A, TR IE BT B OB AP RS AE N RBC10 R O, G R EEAME S, B
BOGI AR 2 /N T 50 mHz/s; HOt B8t e AN S50 s PRI 8 — B/ 7720 ™0 B b 3 i 23
e T SIS, M BRSO B e AR, SRIR i 5 R g WIBUE RN T 045, HAH
FAACEE DR BRI N, B A RS E .

4 4w

IINT T H R PR MR PR AL DR o B B AR MR Y P LA, R R BRI U 2k R BUE SR SEEIL 1O
BEAUBANIZAT, TS T 8 G e Bl AR E BE, HF R B 45 SR 5 4 [F) SR 36 2% 1 R I 25 RG3EAT T X b, PR 1
ERAF. MAN, EHTIT TG BUE h R AR N G5 R A g RATROL R AR RO B RS
SE PRGN o 45 IR B OG0 2 B RS 26 k< 0.16 Haz/s I, e I RD B 52 Bl MO (K 22 MRS RE A /N
KA b, AME SO 2R RS 2Rk, <0.05 Haz/s, MEEIR 4T, RN A, WA B EE IR R
SERF AL BRROE I RLERE 2. H2 N<30 I, SUBI AR E FEANEE NV M2k, (B HOGE: A BORI, N R
A W] BE 2 32 WOEME 5 BIREI, 6 ph iR 1% 1) SUBIE, HEORER F k<0.16 Hz/s. g>0.45 I,
H TR I R M, RRE BT IR AR 22, (HA WO AR AR AL R, U 75 B30 K I3 28 R ¥ g0 ASHE T2
AN E I 2 R (b A P S B 1O B, APPAS AN ) SR 2 BT O b AR e L

SEH:

[11 Hong F L. Optical frequency standards for time and length applications [J]. Measurement Science and Technology, 2017, 28(1):
012002.

[2]  Riehle F, Gill P, Arias F, et al. The CIPM list of recommended frequency standard values: Guidelines and procedures [J].
Metrologia, 2018, 55(2): 188-200.

[3] Ludlow A D, Boyd M M, Ye J, et al. Optical atomic clocks [J]. Reviews of Modern Physics, 2015, 87(2): 637-701.

[4] 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.

[S] Huang Y, Zhang H Q, Zhang B L, et al. Geopotential measurement with a robust, transportable Ca* optical clock [J]. Physical
Review A, 2020, 102(5): 050802.

[6]  Sanner C, Huntemann N, Lange R, ef al. Optical clock comparison for Lorentz symmetry testing [J]. Nature, 2019, 567(7747):
204-208.

[71 Brewer S M, Chen J S, Hankin A M, et al. “’Al" quantum-logic clock with a systematic uncertainty below 10"* [J]. Physical
Review Letters, 2019, 123(3): 033201.

[8]  Oelker E, Hutson R B, Kennedy C J, et al. Demonstration of 4.8 x 107" stability at 1 s for two independent optical clocks [J].
Nature Photonics, 2019, 13(10): 714-719.

[9]1  Peik E, Schneider T, Tamm C. Laser frequency stabilization to a single ion [J]. Journal of Physics B: Atomic, Molecular and
Optical Physics, 2006, 39(1): 145-158.



F5 M SREMEE: BUE S B ebiRa e LR R M 699

[10]

(11]
[12]

[13]

[14]

[15]

[16]

[17]

Dubé P, Madej A A, Shiner A, et al. ®Sr* single-ion optical clock with a stability approaching the quantum projection noise
limit [J]. Physical Review A, 2015, 92(4): 042119.

Zhang B L, Huang Y, Zhang H Q, et al. Progress on the **Ca* ion optical clock [J]. Chinese Physics B, 2020, 29(7): 074209.
Barwood G P, Huang G, King S A, et al. Frequency noise processes in a strontium ion optical clock [J]. Journal of Physics B:
Atomic, Molecular and Optical Physics, 2015, 48(3): 035401.

Song HF, Zeng M Y, Huang Y, et al. Optimization of polarization matching in fiber coupling [J]. Chinese Journal of Quantum
Electronics, 2018, 35(3): 374-378.

RLLTT, W2, 9 2, 5 GG PR IRICACOLAL (7). &7 H 724K, 2018, 35(3): 374-378.

Shao H, Huang Y, Xie Y, et al. Pulse sequence generation with high-performance for “’Ca* optical frequency standard [J].
Chinese Journal of Quantum Electronics, 2015, 32(6): 668-672.

HB pe, ¥ 2, W 2, L TSR TOUSAR I MR RE KRN P AR T i (7). BT R T AR, 2015, 32(6): 668-672.

Zhang B L, Huang Y, Hao Y M, 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.

Dubé P, Madej A A, Zhou Z C, et al. Evaluation of systematic shifts of the **Sr* single-ion optical frequency standard at the
10~ " level [J]. Physical Review A, 2013, 87(2): 023806.

Dérscher S, Huntemann N, Schwarz R, er al. Optical frequency ratio of a 'Yb" single-ion clock and a ¥'Sr lattice clock [J].

Metrologia, 2021, 58(1): 015005.



