) 32 3R Acta Phys. Sin. Vol. 74, No. 9 (2025) 094204

HE =
BRIRBRSE TN EIZS S mRLEshfxR"
L Fm) REMRD EED FHEADY A HEDIY

1) (P ERRFE BRI R R S AR, 5 430071)
2) ("PEFEEBERS, L5 100049)
3) (R FHAMITRE, X 430206)
4) (FIEEZRZER =, A8 230088)
(2025 4F 1 A 13 Hig#; 2025 4F 2 A 7 HUEMERR)

TERE LB SR R GE P, B 11018 SO e A i — B P PERE R EBHR IR Z —, 2 H TR % AR B 1
e B AT SR B Y OGS e IR R 1S — RIS B T OL B A BE Al (2022 Phys. Rev. Appl. 17
034041), FATHFE T8 — W AUES 25 O W B R Gt , % H B 1 N AS 8 AT TROR G, E2AHE L
NPT TL: 38 A S A T Y T Sl AR R, R U IR TR S S L B AR 1 5 Sl AR A R RS 1 ) 2
T/NT 1 kHz K- 38 i o5 B 7 R O F ) A FRL T MBS T 58, s — A0 R Wi R IR 8 D' B o B 3t
12 Fy 3 AL I /N T 1.0 x 10710 X SE A BY TR T B v BIROR S R B IR PP AORS
TSNS 755 B £ 1 I *’Eﬁﬁi‘WﬁT Doppler & 515 & 1 B9IR S35 7K, X098 IR 0.78 mK,
HEIL Doppler ¥ AR . AN, B8 E 1 25528 A8 T — 25 7 W VAR 515 2 L b b S — 4 i v A B
TR, A e SR R A S OB B RGN RE L HE— P AR 10710 TR TR

KR BT, IR, 28 8h, Witz sh
PACS: 42.62.Fi, 95.55.Sh, 42.62.Eh, 43.58.Hp
CSTR: 32037.14.aps.74.20250048

DOI: 10.7498/aps.74.20250048

RAT BIRSE N | R PE IR S B, (DG iR
ARG BE f i ) PR 22— X — ISR TE 7oL
TE ﬂiﬂ@f” Xt [l R0 AR AR 1231 ] efie 1 R
L SAIUAE 7 O, R AR Wy B ROR PR

1 5
SEAFIR T . B Tl TREGUMMOCEBRT Ml

i

YERBRZ %, al5p o8 DA S wshesh. £330
S LR A I B0 1 S O S A RO R
AR S U Sl I 5 EEAR B AS 3 AR (—
oA o), HAGHEE 2%, HHEAEL i1

B AR, LAR R BTl dt ks B A LR ol el
AR A B B ok BG4 T b R BLH T R

P e RIS a1 7/ il S 1 71 A o b i
ST I AT 5

B 5 PO T B AR 1 T R R LT TR 2

W7 R AT e, RO R G E L

EiﬁAT 10718 I‘gji 10— 19 E'g& [8,15-25] I}/%T A1+ 20]

55 Lut00 Sl b 8y B4 S AR Xof Ui BE AN SRR S

* EZEESATAHR @S 2022YFB3904001, 2022YFB3904004) . BHEBIHT 2030-“& Tl f5 58 THEI T AW E @S-
2021ZD0300901)., [H 5 [ AR ¥4 (S 12204494, 12121004, 12320101003, 11934014) A db & Bl 2# 3 4 @S

2023EHA006, 2022CFA013) %5 B,
t iBfEYE#H . E-mail: yaohuang@apm.ac.cn
1 BIE1EH. E-mail: guanhua@apm.ac.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

094204-1


https://www.doi.org/10.1103/PhysRevApplied.17.034041
https://www.doi.org/10.1103/PhysRevApplied.17.034041
https://www.doi.org/10.1103/PhysRevApplied.17.034041
https://www.doi.org/10.1103/PhysRevApplied.17.034041
https://www.doi.org/10.1103/PhysRevApplied.17.034041
https://www.doi.org/10.1103/PhysRevApplied.17.034041
http://doi.org/10.7498/aps.74.20250048
https://cstr.cn/32037.14.aps.74.20250048
mailto:yaohuang@apm.ac.cn
mailto:yaohuang@apm.ac.cn
mailto:guanhua@apm.ac.cn
mailto:guanhua@apm.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 74, No. 9 (2025) 094204

METRZHOCH R G000 € B R BR &I N 2R 28
PRARER SRR 1527 J B8 T 1z AN P81, B ERAE
1) SRR SRS 5 P IR B 7 R B L (29301,
) R AT AR AN B ) T B — il
1ok 3 Bl A R BRI R T/ B BT AL AR A IR
JFE R 5152 Bl 5 1 FE AR B k32 21 1 PR R
JEE 10211 3 o 4 o) PR B U B RS 1, SR RAR )
FREK A L= (JILA) B UCFF St R FOLsh i 7 53
TR ARH 5 BE IR 4.1 mEK, X Al SR 4R 55
R AN 2 BE R 22 7.3 x 10719 061 H 78 85 e 4h o7
T, FH TS0 A A 37 068 B BH A IRz 31, %of 2R
B8 ANt o B P DTk X LAk B e S R B Y
KA A, AT TR AR B 5, A
Tk I A AR A5 U 8 R [ AT PR AR SR S A 7% S O
B B, JF T 2022 AR08 T 8 A R AR S 2
FEEh, ANHREE R 3.0 x 10718 21,

TER AR Z s h, WRAS A N E TR
PERIAEE, e A i S A 4. i
1) F PR — R EAN SR il FE v, i TR
JH V2 A8 2500 B R A S | S 1 H 7 728 Ak, B0 A
KRS B PR B AL e R A AR . TR —
ARG R A fl it R b, FRATE S eI
] R RS AR A = A B VU9 £ A o i T 4
W RAW G T 8 BEAE A J7 1] (AR 2134 A,
KT EHNE R A S an iA k) Jo A HA e
()RR, AT i 2 R T U T AR i R AR
AR A AN 55 R K 4 TRl A BT
P /D 7 3RO LAY S B AR, AR R R
FRCEBEFEMS T BB IE AR I BR S L 5
Fr B AR M, (EATIME LR [N B B B o i i
F R 55 MR R AR RS P, 2 1T 52 e 5 12 3K
N AN TR S THAE S | 1 788 5 SR i
T AR AN 2 A0 AR 55 A0 P AW 5 S A i 4% =2 ) 7
BRCR, BT e FBOMINTE 2B L i S48 f e %
oy, 15 B 1 7 38 Sl AR 5 1R HIBCR 22 25
AN, B BEES T R T N AR RIS AR 3500 I 2%
TR IR B e e, (i e s A SR A i 3 i A
P, PT3535 1% B iz 31, 13 Sl 32 060 1
T INES G B B, H 2 T-is sh RN & A
K Doppler 5% 5 Stark 5 J2 PR il 45 25 7t
BhRABEAWEE A0 E I — D EERA
R P A R J AT DL — 2D B B - 1 2 Bl iR
JEE 301 S P = R Y VA A T AR I 7 8 Bl

KRR Doppler WHIREE. i, FATHFH T
— B R AR S O R g, L
W Tz s S Eez sh MR &, M+
NER R GEiHEAT T k.

AT 2 N4 T ARG B Oty
BEFINERS | N EH S e E RS 5 3
TG T ad A S B B i S RS AR E 1Y)
PEE, IR R ST, M T B A iEsh
WA 55 4 T4 T 6 B B s A JE A el
YAt aME T 58, 8 =4 AH B B 7 W) b
T BRI & FINEGE S R R A A, D
/NEEINAGE B 5 5 i A s S L T L
%, & T Doppler BHI G B FIEE, B T2
SR O P BUE, BT IR R TEARS B
FER T B

2 XRRE

RIS B TG0 1 W PR B AR 1 B,
B B S AR R A S R s ) A R ALY
TR, MBS AR 78 K BIRIRA SR, W
FREAR T RAREE SRS B B B A S R
Z )38 3 EAR 1 mm BN 223 3, SRR,
LR 15 W/ (m-K) , i JE AR R 5 s 5 28 1538 2 (1]
SR H] KAPTON 24 48 25 2 B 45 LAV N A ik
AR K I SE IR . BT B M R R ) e 7
AR S W R OB~ 910 o B fe FAT
41900 W/ (m-K) , T EAR AR JC A, F%
4320 W/ (mK) , AT ESHRMA B TR
JE IR B IR L A 4 20V 57 B AR 21 H A 22 [ %) [
FE A 500 wm , 8 A 590 L R ORI B Q (EL Y
150 PR T e He 4 1] 15 - B X6 7 190 79 %o kL B i o
Vo = 1000 V [ 545 LA 7= 4G R0 48 ] [N 2 2.
BHEL L AYTRIEE R 8 mm , B AE IR EL R o Uy =
150 V4 R AR 7= A B ) F DA B 32 S5 43 IR s i
4 24.814 MHz , £z 55 25 G 9 “BE 4] TN B8 450
ROETEL) NIRRT, Bz shg RNk
Doppler #i#5Fil Stark SF5AH B HGIH . 5540 A 515
S B SR (N5171B, KEYSIGHT) 724
TI2H 11 dBm (G5 5 SR 4% (ZHL-1-
2W-S+, Mini-Circuits) ¥4 25 33 dB , P& M
ARG HR G BRI I LR P L IR IR AN IR L
Pl I s Bl B T, FR AR 50 dB.

094204-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 9 (2025)

094204

HeAh, BT BE IR B T K FIE B [ A
e, T AMEE T B A S R ALY, #E— 2
FEAR R T R stz 2.

B B ERR R TR R E A B AR AR
() WA A ;5 (b) AW ELZS BE; (c) o 2 0 S0 40 W AU
(d) 5595 B AR B0 5 (o) AR ST TR RO () L2 5 (o) 8

TE; (h) IR (1) B L () BRI (k) B R
(1) PT100 M #2483k 5 (m) B T BFIEE; (n) HEA R 2.
BT B A O H P R AR AR, A I A B
Ui FL AR T 8 T B0 K D 1) B 85 T ] R

Fig. 1. Schematic of the ion trap section in the newly de-
veloped low-temperature system. Key features include:
(a) Liquid nitrogen inlet; (b) stainless steel vacuum cham-
ber; (c) oxygen-free high copper (OFHC) liquid nitrogen
container; (d) RF electrode feedthrough; (e) blackbody radi-
ation shielding chamber; (f) viewports; (g) ion trap; (h) hel-
ical resonator; (i) soft copper wire; (j) insulating ceramic;
(k) cap electrode; (1) PT100 resistance temperature detect-
or; (m) trap base; (n) voltage transmission steel wire. One
pair of electrodes on the left side of the ion trap is connec-
ted to an AC signal, while the two DC electrodes on the
right side are used for compensation in the horizontal and

vertical directions of the ions.
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Fig. 2. Block diagram of the active RF voltage stabilization system. The stabilization of the RF potential amplitude is achieved us-
ing a Bias Tee, an RF detector, and the amplitude modulation function of the signal source. The blue box indicates the active feed-
back control loop, which operates by detecting the RF-induced voltage on the compensation electrode, processing it through the

feedback loop, and feeding it back to the amplitude modulation input of the RF signal generator to lock the RF drive voltage signal.
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Fig. 3. Measurement results of the secular frequency and induced voltage: (a), (c), (¢) and (g) show the variations in motional fre-
quencies and induced signal amplitudes when the stabilization circuit is off, where the changes in radial motional frequencies are
consistent with those in the induced signals. (b), (d), (f) and (h) present the corresponding variations when the stabilization circuit

is on.
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Fig. 4. Schematic comparison of the ion trap devices used in the first-generation (left) and the improved second-generation (right)

liquid nitrogen cooled optical clocks.
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Fig. 5. Rabi oscillations of the carrier and micromotion sidebands along three orthogonal directions. The dots represent the experi-

mentally measured transition probabilities, obtained by averaging 100 repeated measurements. The orange curve is a sinusoidal fit

to the experimental data.
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Abstract

In ion optical clock systems, the motional effect of trapped ions is a key factor determining clock
performance and currently representing a key limitation in achieving lower uncertainty between different ion-
based optical clocks. According to the first liquid nitrogen-cooled Ca* ion optical clock (2022 Phys. Rev. Appl.
17 034041), we develop a new physical system for a second Ca'* ion optical clock and make significant
improvements to its ion trapping apparatus. These improvements primarily focus on two aspects. The first
aspect is that we design and implement an active stabilization system for the RF voltage, which stabilizes the
induced radio-frequency (RF) signal on the compensation electrodes by adjusting the amplitude of the RF
source in real time. This method effectively suppresses long-term drifts in the radial secular motion frequencies
to less than 1 kHz, achieving stabilized values of w, = 2r x 3.522(2) MHz and w, = 27 x 3.386(2) MHz. The
induced RF signal is stabilized at 59121.43(12) uV, demonstrating the high precision of the stabilization system.
The second aspect is that we optimize the application of compensation voltages by directly integrating the
vertical compensation electrodes into an ion trap structure. This refinement can suppress excess micromotion in
all three mutually orthogonal directions to an even lower level. Tuning the RF trapping frequency close to the
magic trapping condition of the clock transition, we further evaluate the excess micromotion-induced frequency
shift in the optical clock to be 2(1) x 107'°. To quantitatively assess the secular-motion of the trapped ion, we
measure the sideband spectra on the radial and axial motion modes, both red and blue sideband spectra. From
these measurements, we accurately determine the mean phonon number in the three motional modes after
Doppler cooling, corresponding to an average ion temperature of 0.78(39) mK, which is close to the Doppler
cooling limit. The corresponding second-order Doppler shift is evaluated to be —(2.71 4+ 1.36) x 107'® . The long-
term stability of the radial secular motion frequency provides favorable conditions for implementing three-
dimensional sideband cooling in future experiments, which will further reduce the second-order Doppler shift.
These advancements not only enhance the overall stability of the optical clock but also lay the foundation for

reducing its systematic uncertainty to the 107*° level.
Keywords: Ca™ ion optical clock, cryogenic, secular motion, excess micromotion
PACS: 42.62.Fi, 95.55.5h, 42.62.Eh, 43.58. Hp DOI: 10.7498/aps.74.20250048
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