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Figure 2. SAS of cesium atoms and the corresponding frequency discrimination error curve
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Figure 3. EIT of cesium atoms and the corresponding frequency discrimination error curve

3 FEIA-BENE SHRM
%ﬁﬁ@#%ﬁmwﬂwﬁWﬂmwmww%w SRHL T, HOEBR

Bl 4 . WHDGEE 5S4 ADC RESG, RUGEI Gl JE R IR Bk 7

Feik: A5 5 IESZ (G 5 A T R ARIB IR 25 Wb B, 15 3 SR A5, A PID

B R EHIE S . RAUEHEERAGE S 27, ¥ ZAkaESsS. EX

WG S5 PID RS 5B INER— DAC %yl 0, IRshEoEes PZT, LB

WK A E -

LS S —» ADC : / N\ i

fosta =] . i
RS €~ DAC i N

Kl 4 Redpitaya T & HHOEL R EE
Fig. 4 Schematic diagram of the Redpitaya platform module connection

5



PATERID G SR G, FREREME S W 5 fm. Sibes
RIE6S,, — 6P, BRIT LR M iE SR, SLIRMFRARES WE 5 ()R,
B S, A=A S EZ SIS SR IEIY,  Sg. Aot R34 i1
il SAS 155, Sprror AV G IRAF I AR ZE M 2R . S A IRISC USRS 7
JF 6P, SR FFASANRE, CAE S, = AP R ARG, £
W BT, Sops TN AT = AN B HRISUEARIRAT B Ty Cun Cyg EBAEAHREL
MG B E (1 H AR IE T, , B 6S,, — 6P, (F =5)BRiE, Xt T oMl i %
S 2% 2% N

10— 2 | — Spzr
N /N /
— Spzr i [ N\ 7 1.00 4
|

Ssas N g % M /
L/ V|
050 HIAY lnggoiu A | \1"“‘»'?1*""“.“/"'} Lw'"".,lkv”w,ﬁﬂ,r

0.5 — Serror 0.75 1
—~
=
<
g
0.0 = 0251
=
i
o

SElT
— Serror

Ao 0.00 4 ) - YW

”wm T L WMMMMW WWWMW " e

{55 HEE (V)

0.5 4

1 T
0 3 O 4.0 5.0 6.0 7.0 0.0 1 .() -.(l 3. 0 4 0 5.() 6.0 7.0

B 1] (s) 1] (s)
(a) (b)
5 MFEARF R RERES @D b)FEE

Fig. 5 Synchronously acquired signals during laser frequency scanning (a)Probe laser; (b)Coupling

laser

Fret R TR AR e WUk 2 6P, , TR A G, 1E 6P, — 61D ML H R &A=,
BURTERAS EIT O, BRI REFED RENE S WE S )R, Hfy S, =M
PR ESZ ARG 5 I, o AJGHERII S I ] BIT Jei(E5,
Serror NFEVA IR S AR 2 2. AT LAOUEEE], EIT Jailf 200w A e 2 5 0
RIE S, 5RI% R 61D,, F161D,, &, fE M8 E M Hirds 61D, , 35,
X R P8 A v ) 32 S e

KRR PR T %, 852 nm FRIDE ¥ Sk Bk 21 6P, , Hild]
&, 509 nm A A IR TR B 61D, , EAER S, EIT Yl Sy il & 61 IR
F-6P,,, —> 61D, , BRI M4 175 2 (1, BN 8 e 20 E 5, HG RN
AR 5 A RE R AT 6P, 2, A BE3RTE EIT el PR FHE M
SEBE

PRI 5 R A 6 1) B AR A i DU AP SR TS B BRI T, BRI
JHUE . MAET I MERBE. b, SRR B R Tl i AR 2 i R

6




A DU HBUE S PZT AR BIUE B BOUR A% AR SR 0T PR AR
P, ZIMAEAE Redpitaya T~ 6 WESEHLANE] 6 Pos. B, MHMELE SAS
Sl W S R E e SR VAT WA TN O DIVA ST S i /5 4 SR A b ANEE 73 B
%%ﬁﬁﬁoQﬂ%ﬁ%%ﬁ&%%%%%HDﬁ%%ﬁ,%&%W%ﬁ%%ﬁ
o — HIRMDeHRAE, )R 7RI SE ok R 6Py, &. fija, AUt iz
{25 EIT 7 61D;,, HARE SR E, 13BN R = Ak v, IR
NGB G GRS, 2 i BUE R

LRI W8 - RN BUE -8 & T 1§ - H & 6 BiUE "IN H 2h RS fe
ARG O O 1 5 B ShBUE R, IO B il PR A AL
i, AT PR OE I B BUE AR, SO ff PID Sl gt e S, 408
I SEAr R GRSt R JE , B HOINE H A 225 HU K I 5 2)) PID P35t 4% Bl
BAEVIAR SEIA RAVUE, NN AT, AR DG IR, JE (K=
SHPBARACR SR T OE T RS, SRIBOEASHER PID $U€ 25 k)5 , FIREUT
Xt N i i ) — i S E S BE . %57 H AR BRL I TR 2 STt B Sh AU RN
R, W AGUE T &N ST TR EBA EEE .

FLE

SRR ¢

X
SR B SR

K6 HRIDG-REOE H s = =K
Figure 6. Schematic diagram of the automatic frequency stabilization process for the probe laser
and coupling laser

P S8 i 2 AL, TR O A SR B e il e i
FE, Oy BLAE G R RN & R 4 i K IE S e e s AT IR B 0o S8 HLIAE IR
MO 5 A6 58 i B ANCRGUE o B St AP RS . S REDEIEE
o, RS R E H AR E AT B s AL T IO AT A N, R

7




s P SRR A O R R T 5 (R 25 8 s AL, ) O o
B BEEDA R 130 T B

13 T BT T, B 2SR U PID PR 426, 45 PID Jobl S84 i 2,
I LA S BT PID S B g = Fl e et o L, B = iy O R 5
PR, TR SR M R I B R P A S 0 LB P B 0
bR U (0 B3 B, T SR BE B R s s R = f e,
YA PID PIF R, SO S 1 T B . W BB S MUS, B E B
S RS, R S B 5 5 B R, T W) BBt
S PHER AR L), {080 J5 T P A 5 0 KA [ I e i A7

YRI5 E AR AR 15 B Al 7 B, 7EFE 7 () 0-5.55
FII, SRR R E AR T, « 7658 5.55 B, RS KHHIRIFIF
FUHRTDGHUE : I, SRIDG PZT JRENE B I, SR (s B L S
2, TRUIDE SAS {52 5 7 FRRTLICHE T, W6 (4, FRIDEBE SRR, 17 (b) 5
7R 1E 0-5.55 FOAIH, HE0O0BRAL TR AR : 55 5.55 BRI B st i,
EIT Y30l 000, IS, $HRE AR HER IR a] FAREM I 61D, , : 3 13.9
B, RECEHEHIE TR B A CHUE: Bk PZT RENES S5 L, SHie %
SRLEREHBEIED, EIT (55808 T HAREMIE 61D, AL, BatB%ER
DE. HIR, it PID RIS B A O, 13.9 BIRF & ot
B R R . SRR A TTH, oM 7 BASE T A W 2%
PRI S5 2o S KOt RS 1 BB

H 3
1.0 4
A o
Y 5
Spzt Spzr
Z 05 —— Ssas = ™ —— Sgr
i i s giid
e ERROR | =2 A SerroOR
= =
il iy
Bl 10
— 0.0 =
o oo
= <o
1 =T
¥ os R

0.0 10.0 20.0 30.0 40.0 0.0 10.0 20.0 30.0 40.0
ff 1] (s) it A] (s)

(@) (b)
7 WOLHENRPFR D RERE T (@RI O)FEL

Figure 7. Synchronously acquired signals during the laser automatic frequency stabilization

process (a) Probe laser; (b) Coupling laser

BET- 4 U I ' e ] B R AR ORI, ARSI T BRI 5 R A XU

8




E2E EHE e, BBUERERICA 13.9s. 5 CIRERIFEIZRIE T80 A shia sy
FAALL, ZITEAERS e B R A WSS SCEREE XS HER 780 nm O
H S AT vk 75 200050 75 AT e BB e BT, AR SOOI [F) 0 B E ) FE I (KT 1
BRI T ZE RIS B T4« SCHERR B AH SS AR 455 S I L S 0 s AT i
Wi A R 2%, H SRR T X BUE I A 56 55 SCHRIE T 35 AR 1 22 0 4% f 3
2 58 Ao SRS AR 29 35 81261, 2% b, A7 R e sl LT BRI T %

Kl 8 Jern T RGUNHPUE G, mkh BB THRE RN AR SOLROL A
O IR BB TR AR AL i 2. B 8 () REAEREMDEIK 1530 s, HbLikK
852.356401 nm, EIMAELEIEIZIER, BiHEBEL) 2 fm, SIFRBEZ 1.65 MHz.
Kl 8 (b REMA WA 1160s, H.OPHEK 509.007144 nm, TCH R RFIER, 1%
WEAE 5 2 fm, X RIARZRPE L) 2.32 MHz,

852.356405 509.007146 4
852.356404 1 509.007146
852.356403 1 509.007145
— 852.356402 — 509.007145 1
S 23564011 g 3000071441
3 852356400 X 509.007144
§52.356399 1 509.007143 |
852.356398 1 509.007143
$52.356397 1 : : : : : i ‘ 509.007142 : : : ‘ :
00 2000 400.0 600.0 800.0 1000.0 1200.0 1400.0 0.0 2000 4000 6000 8000  1000.0
B (s) i (R] (s)
(a) (b)

K8 BURIRAS THREEN L (@D (G

Fig. 8 Frequency fluctuation curve in locked state (a) Probe laser; (b) Coupling laser

it — e B RAEA R [ R R SRt e v, HE T e ES
B[ 4& fiw 22 (Overlapping Allan Deviation), 251 9 Fis . #§4% fh 2k 35 2 B R A0
WO I V7 BURFIE: (ERIR TAIRBE (7 <1s), PSR ZEBE 735 I [R] 3 0K 5
ANTE L TEE R B, 2 A [ A N S R [N R AT SR I PR s A I ) R
(1s <7 <100s), BA6 fi 72 FF 25 B AR 08 B 5 /ML, K R 2R G 1) e A AR [XC [
FEKI I RBE (7 >1005), B4 fw 22 b6 T S H R K HF 46 B, 32 Bl PR
B MRS58 A R 2 51 i BE M LRE s £ 5




W/\\v/

1 "o N "2 1 =

10 10 10 10° 10 10 1o’
TR ) (s)

fa 16 f % oy (T)
e %oy ( T)

:
10° 10°

10'
FEE IR (8] ()

(@) (b)
9 BUE RO BTG W ZZ 2k (@)D (b)#E L

Fig. 9 Allan deviation curves of laser frequency after locking (a) Probe laser; (b) Coupling laser

509 nm OGRS IRZEL N 2.3x107"°, HIIE 7 =16s4b; 852 nm 4
A BRAERRIRZ LI 1.1x107", HIE £ =32 s &b, HARFRE MR 509 nm
BOCHIRTT ), X — 27 EEE T BIT AU RS NS S0, AR
I B WO AT R S AR IR IR ER S B AN R AL S5 RS2SR L g AUR AR
PZT k)5 [ Redpitaya Jx foiis 5055 2 IR L[R2, A SLI0RE 4 IR R 4
WA A E FE IR 2R 1107 B, 5 B SOk 3 T b 2 S 1Ol W AR AU 28 SEBL
107"y 1072 EuAsE JEAHEE 20, AR RS RS E ST fR AP AE— € ZEER: {HiX
MEREJE T IR PO B 5 MR S R A g S I SR TRk, S A A
AR A 1 E M REAR 1, 78 50Tl S TS AR S O I R A TR 7oK
4 B5

k==

A G ARG R 7 sl B R SO B AR K, SR AT e
BB S, SRRSOt B Al n e B, SEE T IR e-R A
B aifail, ISk TSR INA R S TR . BTG IR B iR A 7e
Rl FH B 4 2508 36 1) B [8] 7 R S 6 v e RUA) , SR 'e-# 50 B Rty
WEE R, RN AR SR UG AR AR E R BIE B 1 107° B4, Rt 2
T8 J5 7 Rl B R G BOCRIT K IRINDEBUERER X 5.55 s, FhEILHUE
FERT 13.9's, Sy AR ER SRR U i R G AR UL S B B bR JE 255 HAR JE At

S 3CHR

[1] Gordan J A, Holloway C L, Schwarzkopf A, Miller S A, Anderson D A, Raithel G
2014 Appl. Phys. Lett. 105 024102

[2] Holloway C L, Gordon J A, Jefferts S R, Kusevitch D, Wilson P F, Young A,
Dudzik M J 2014 IEEE Trans. Antennas Propag. 62 6169

[3] Sedlacek J A, Schwettmann A, Kiibler H, Lowe R, Shaffer J P 2013 Phys. Rev. Lett.
111 063001

[4] Simons M T, Haddab A H, Gordon J A, Holloway C L 2019 Appl. Phys. Lett. 114

10



114101

[5] Robinson A K, Prajapati N, Senic D, Artusio-Glimpse A B, Holloway C L 2021
Appl. Phys. Lett. 118 114001

[6] Jing MY, HuY, MaJ, Fan HW, Jia S T 2020 Nat. Phys. 16 911

[7] Holloway C L, Prajapati N, Artusio-Glimpse A B, Berweger S, Simons M T,
Kasahara Y, Alu A, Ziolkowski R W 2022 Appl. Phys. Lett. 120 204001

[8] Ding Z K, Liu Y, Yang K, Lin Y, Wu B, Fu Y Q 2024 [EEE Trans. Antennas
Propag. 72 9558

[9] Yang K, Chen X, Mao R, Lin Y, Wu B, Fu Y Q 2024 IEEE Trans. Antennas Propag.
72 6060

[10] Sandidge G, Santamaria-Botello G, Bottomley E, Tong M, Hubbard J, Moss A,
Gordon J A, Holloway C L, Shaffer J P 2024 IEEE Trans. Microw. Theory Tech. 72
2057

[11] Holloway C L, Simons M T, Haddab A H, Gordon J A 2019 AIP Adv. 9 065308
[12] Anderson D A, Sapiro R E, Raithel G 2021 [EEE Trans. Antennas Propag. 69
5931

[13] Schlossberger N, Prajapati N, Berweger S, Holloway C L 2024 Nat. Rev. Phys. 6
606

[14] Fu Y Q, Lin Y, Wu B, Yang K, Mao R Q 2022 Chin. J. Radio Sci. 37 279 (in
Chinese) [{T =2, #I1, B, #ol, BINE 2022 HPERIZEZER 37 279)

[15] Huang W, Liang Z T, Du Y X, Jiang J F, Yan H, Zhong Z P 2015 Acta Phys. Sin.
64 160702 (in Chinese) [B &1, Z2IR¥E, FLAHE, TLIRUE, BiRS, BhEM 2015
H 4 64 160702]

[16] Abel R P, Mohapatra A K, Bason M G, Weatherill K J, Adams C S 2009 App!.
Phys. Lett. 94 071107

[17] Jlao Y C, LiJ K, Wang L M, Zhang H, Zhang L J, Zhao J M, Jia S T 2016 Chin.
Phys. B 25 054203 (in Chinese) [ H &, Zu(ZE, LM, 5KLF, KIGA, BX@EH,
PR 2016 EYHE B 25 054203]

[18] Yang K, Mao R Q, An Q, Sun Z S, Fu Y Q 2023 Chin. Opt. Lett. 21 021401 (in
Chinese) [, BIuHL, i, Fhdi, Tzl 2023 FEDEZERHK 21021401]
[19] Yan L P, Meng L J, Lou Y T, Xie J D, Chen B Y 2025 Laser & Optoelectronics
Progress 62 1 (in Chinese) ["*H°F, @44, HfK, WA, BRAK 2025 #ob
5t ARt fE 62 1]

[20] Koch G J 2003 Opt. Eng. 42 1690

[21] Liu D D 2012 M.S. Thesis (Xi’an: National Time Service Center of Graduate
School of Chinese Academy of Sciences) (in Chinese) [XIF}F} 2012 Al 24 07 i 3C
(P4 % FE R 22 Bt Fe AR e [ XA I i) ]

[22] Zhang Y, Wang S Q 2014 Journal of Jilin University (Information Science Edition)
32 471 (in Chinese) [T AL, FHIF 2014 HI K F RS BRERR) 32 471]

[23] YuZ J, Xue W X, Zhao W Y, Li X F, Chen J, Ruan J, Du Z J, Zhang S G 2015 J.
Time Freq. 38 129 (in Chinese) [ & {f, BESCHE, BT, FFE, BRIL, L%,
FEEEE, SKENI 2015 WFE)SIE AR 38 129]

[24] Xie R S 2021 M.S. Thesis (Beijing: University of the Chinese Academy of
Sciences) (in Chinese) [ HF 2021 fill 22001830 (b B R BE K 59)]

[25] L1 Q X 2018 M.S. Thesis (Changsha: National University of Defense Technology)
(in Chinese) [Z= 2% 2018 22001050 (K¥b: BB RS K]

11



[26] Chen BY, Zhao Y, Lou Y T, Yan L P, Xie J D, Yu L, Tang J J 2024 Chin. J. Lasers
51 113 (in Chinese) [RA 7K, B8, BE&ER, M™FFE, WER, TR, F{E 2024
W E O 51 113]

[271JiJ W, Chen H N, Zhang Z. Liu K K., Xiang JF, Ren W, Li L, Lv D S 2020 Acta
Opt. Sin. 40 163 (in Chinese) [ & 45, FEE MM, 7K, XITUIT, TUERE, (T4, 250k,
SR 2020 YE2EEEHR 40 163]

12



Automatic Frequency Stabilization Technology for Atomic
Microwave Measurement Based on Spectral Peak
Recognition™
Tang Xin! , Lin Yi”), Zhao Jiandongl), Yang Kail), Fu Yunqil) B
prge D w11 s D gl D e DY
1) (College of Electronic Science, National University of Defense Technology, Changsha 410073,

China)

Abstract

Microwave measurement technology based on Rydberg atoms has
attracted extensive attention due to its advantages of broad bandwidth,
small-size probe, and high sensitivity. Automatic frequency
stabilization of laser systems is a key link to improve the automation
level and response speed of atomic microwave measurement systems.
However, most existing systems rely on manual operation to achieve
laser frequency locking, and research on automatic frequency
stabilization of dual-wavelength lasers for atomic microwave
measurement is still insufficient. This paper proposes a peak
recognition algorithm based on spectral peak distance, which realizes
accurate positioning of target peaks in saturated absorption
spectroscopy and  electromagnetically induced - transparency
spectroscopy. Using these peaks as frequency references, we directly
drive the automatic frequency stabilization closed loop of lasers,
thereby completing fully automatic locking of both probe light and
coupling light frequencies. The measurement results show that the
automatic frequency locking takes 5.55 seconds for the probe light
and 13.9 seconds for the coupling light. The second-order frequency
stability of the probe light reaches the 107 level, with a minimum
Allan deviation of 1.1x10™"" at an averaging time of 32 seconds. The
second-order frequency stability of the coupling light is also at the
10" level, with a minimum Allan deviation of 2.3x10" at an
averaging time of 16 seconds. During the test period, the

automatically locked probe light and coupling light exhibit excellent
13



frequency stability, whose stability indicators meet the typical
operational requirements of Rydberg atom microwave measurement
systems, verifying the reliability of the proposed spectral peak
distance-based peak recognition algorithm.

Keywords: Rydberg atoms, Automatic frequency stabilization, Spectrum recognition
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