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Fig.1 (a) Schematic of a ladder-type three-level cesium atomic system with the
ground state |[1), the intermediate state |2), and Rydberg state |3). The 852-nm weak
probe laser beam couples states [1) and [2) with Rabi frequency Q,, while the 509-

nm strong coupling laser couples states |2) and |3) with Rabi frequency Q.. A,
(A,) is the frequency detuning of the probe laser beam (the coupling laser beam); (b)

Transmission spectram of the probe laser beam versus the coupling laser detuning.
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Fig.2 Transmission spectra of the probe laser beam versus the nanosecond pulsed

coupling laser detuning.
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Fig.3 Experimental set-up. Key to figure: O, optical isolator; YDFA, ytterbium-
doped fiber amplifier; /2, half-wave plate; PBS, polarization beam splitter cube; L,
Lens; DM2 and DM4, 509 nm high reflectivity (HR) and 852 nm high transmissivity
(HT) dichroic mirror; DM1 and DM3,509 nm high transmissivity (HT) and 852 nm
high reflectivity (HR) dichroic mirror; PD, photodiode; PPLN, periodically poled
lithium niobate crystals; M, 509 nm high reflectivity mirror; SAS, cesium atomic

saturation absorption spectroscopic device; Dump, optical dump.
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coupling laser beam is frequency scanned; (b) The pulsed 509 nm coupling laser beam
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Fig.5 EIT spectra of cesium Rydberg atoms. (a) The pulse duration is 5 ns, while
the repetition frequency is 3 MHz(black), 12 MHz(red), 25 MHz(blue), 30
MHz(green), and 50 MHz(purple), respectively; (b) The pulse duration is 10 ns, while
the repetition frequency is 3 MHz(black), 12 MHz(red), 25 MHz(blue), 30
MHz(green), and 50 MHz(purple), respectively.
SCERHT T 1 OIS 5 kO C K I8 MRS R o B 6 kit EE R AR 735005 20
MHz. 50 MHz It}, 2Bk ek 53 2ICiE 4 R . B 6 (a) &, AR T
UG AR A TR BE AR AE Nk O B R AR 20 MHz; Bl 6 (b) Y, B4
TR HIE ST (R BE Y Y 50 MHz, 5kt R MR —8. LU S|, AR EE
HEMET, BEHEMKTENIEN, EIT EERECRERN, #ok s B mSmE rAEd

WM, 76 LA 50 Mz, K 4 ns RHSUR IR T4 L 50 MHz L 10 s

AT 2 £,
(a) (b)
3.0 — 20MHs—25ns 2.5  50MHz-10ns
—— 20MHz—20ns —— 50MHz—8ns
2.5 " — 20MHz-15ns 9.0 — EOMH;—GEZ
- it - 20MHz-10ns ~ 2.07 LMl —dne
2 | 20Mens 5 . _/\d_'___a%l_‘ dns
g 2.0 S
=
. J\X 2 154
—a —
\E“E 1 5 4+ —_— \(E
A A 1.0
% 1.0 ?*ﬁ
s AW T A
Ll 0.5 4————————— /\'\_ e ﬂﬁ 0.54
< -
0.0 0.0
-0.5 . . . . . . . -0.5 . . . : . . .
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 O 50 100 150 200
AR W A/ 2n (MHZ) AR KA/ 2n (MHz)

K 6 EIT 5 56K (a) HEEMNZHE N 20 MHz, BK% 55N 5ns (K
) . 10ns (Z0f8) . 15ns (W) . 20ns (&) . 25ns (¥f4) ;  (b)
HEEMZE N 50 MHz, BKTE050 N 4ns (KE) . 6ns (L) . 8ns (Wfh) .

10ns (ZEf)

11



Fig.6. EIT spectra of cesium Rydberg atoms. (a) The repetition frequency is 20
MHz, while the pulse duration is 5 ns(gray), 10 ns(red), 15 ns(blue), 20 ns(green), and
25 ns(purple), respectively; (b) The repetition frequency is 50 MHz, while the pulse
duration is 4 ns(gray), 6 ns(red), 8 ns(blue), and 10 ns(green), respectively.

&2 LN, a7 ) 5 HRAE R T 0] — B S R R R 2
BPCIIARAE 2 H IR A=k -V, KEBOGRAER, VEBRETHEERE. XOLT
WO R, AR FE R SR 10 BT AR OGRS A o Bk B 1/Tr (B RE )
ZIERBOCHR, HPOCT OB ES, K& A=A, +2nm/T, 15 R 2
HLPRFKAE, m B N TERAEHRE T, 2E8REEEHZ 400 MHz N, X
I Jik e L2 T AN TR AR AT P 3l R SR S PT DAIBOR 1 A A, s EAE RS 1
FHEADR G .. MR TESCFIE BIT Yentgs R, 1Z3238R] F g8 F0 kb e LA
BORASRIE FERE R+ 22 A, 19200 BIT i B EN 2, AR TR
AR 78R . RATIEE EIT SGig &4 B )R i e 8E, Rk
WM, BT R EERE A2 e 6 -BUR 28 8 00 A, xR0 i R T E0E
wA, BIT{E 5855, W5, B 6w EIT 55 68 B B mmid s
2,

58 P TR Ok 7RI - T LA R 3 32 R 0 BRSOk

FEPRA G AT AR ASURK b B 2R o SR E R B A B 0O 7R SE I = I U

B

{7l & A, 8 EIT SEIE 48 K O RIS 27 o SR 4f RAESKE, ik
PHUUR ) BIT, kot B B A2 e W 1 RO A 7 2 5 B AR o Ay L ik
MEEHRG I T T AU TR EBE . ZEEHRNT BIT &350, bkt
WOk g IS ) AR IO B EE R KT BIT 898, T
2 R B 7 B R 61

12



5% %

AR SR RO T30 1 5258 7 S ) 48 e 7 BLAER 2, S8 2ge 509 nm fik
MEOCH) AR PRRAIKTE, R =i A )5 U= S 1R B i, £
— B W B ANK E Y A, T R B R AR, T B A 0
[ B 55 Jhk et B AR AR — B0, ) DU I e kv = 52 B3 AT K 98 AR K S B
SE PRI T IR, X TR BOE KRB S H, B By DLSEI S ol 14
PR R £ 100 MHz Vi [l 57 B Ak 93 R i 0k 28 LB A 25

FARTESEFO AT PRI AR T 220, Ikt 509 nm A 5 e ok I /) 2 2 5
ALt — D i e B R R  8E, alkot EEUEREGE BIT 458 ok
A UABE R 10 15 . IS Hd R b, 5 25518 2 Re B 1 kb UK 1) 51 71 5 1
PARAER I Gk it 5 2 BeP R GUAH ELAE RIARFIE S o Ik al EASEEDE
Y 555 2 B R IR T RO A ELAE A, 2 T e R JR 0 R SR ARG B mT LS
B A0 B o DS (10 22 W S AL R DI T 00 R ' % £ P AR ik S Tl
HIIZ IS SR AL 545 IS, XMy RABURE AN 7 2 3 0 B e X Tl
Yyt ks LR 2 2 S H B, Ik AR 5 D' T DA SEEILRS R A S Ok A LA
A2, mE AR TR T SeE MR ER L, HAER T RERE TR
A AN B DN A AR B N AL

EEPEN

[1] Adams C S, Pritchard J D, Shaffer J P 2020 J. Phys. B: At. Mol. Opt. Phys. 53
012002
[2] Zhou F, Jia F D, Liu X B, Zhang J, Xie F, Zhong Z P 2023 Acta Phys. Sin. 72

045204 (in Chinese) [J& &, THRA, XM, sk, e, #hEME 2023 9)

13



[3]

[4]

[5]

[6]

[7]

[8]

[9]

23R 72 045204]

Zhang L J, Bao S X, Zhang H, Raithel G, Zhao J M, Xiao L T, Jia S T 2018 Opt.
Express 26 29931

Bason M G, Tanasittikosol M, Sargsyan A, Mohapatra A K, Sarkisyan D, Potvliege
R M, Adams C S 2010 New J. Phys. 12 065015

Barredo D, Kubler H, Daschner R, Low R, Pfau T 2013 Phys. Rev. Lett. 110 123002
Wang J M, Bai J D, Wang J Y, Liu S, Yang B D, He J 2019 Chinese Optics 12 701
(in Chinese) [LFERK, HER, EARYE, X, HEKR, FFE 2019 FE
212 701]

Hao L P, Xue Y M, Fan J B, Bai J X, Jiao Y C, Zhao J M 2020 Chin. Phys. B 29
033201

Fan J B, He Y H, Jiao Y C, Hao L P, Zhao J M, Jia S T 2021 Chin. Phys. B 30
034207

Mohapatra A K, Jackson T R, Adams C S 2007 Phys. Rev. Lett. 98 113003

[10] Zhao J M, Zhu X B, Zhang L J, Feng Z G, Li C Y, Jia S T 2009 Opt. Express 17

15821

[11] Kiibler H, Shaffer J P, Baluktsian T, Low R, Pfau T 2010 Nat. Photonics. 4 112

[12] Huber B, Baluktsian T, Schlagmuller M, Kolle A, Kiibler H, Léw R, Pfau T 2011

Phys. Rev. Lett. 107 243001

[13] Wang Y N, Meng Y L, Wan J Y, Yu M Y, Wang X, Xiao L, Cheng H D, Liu L 2018

Phys. Rev. A 97 023421

[14] Li R J, Perrella C, Luiten A 2022 Opt. Express 30 31752

[15] Prajapati N, Robinson A K, Berweger S, Simons M T, Artusio-Glimpse A B,

14


https://wulixb.iphy.ac.cn/custom/2023/4

Holloway C L, 2021 Appl. Phys. Lett. 119 214001

[16] Holloway C L, Simons M T, Gordon J A, Dienstfrey A, Anderson D A, Raithel G
2017 J. Appl. Phys. 121 233106

[17] Schiitz J, Martin A, Laschinger S, Birkl G 2022 J. Phys. B: At. Mol. Opt. Phys. 55
234004

[18] Harris S E 1989 Phys. Rev. Lett. 62 1033

[19] Kocharovskaya O A, Khanin Y I 1986 Sov. Phys. JETP 63 945

[20] Felinto D, Bosco C A C, Acioli L H, Vianna S S 2003 Optics Communications 215
69

[21] Marian A, Stowe M C, Lawall J R, Felinto D, Ye J 2004 Science 306 2063

[22] Aumiler D, Ban T, Skenderovi¢ H, Pichler G 2005 Phys. Rev. Lett. 95 233001

[23] Felinto D, Lopez C E E 2009 Phys. Rev. A 80 013419

[24]Liu Y, He J, Su N, Cai T, Liu Z H, Diao W T, Wang ] M 2023 Acta Phys. Sin. 72
060303 (in Chinese)  [XIEE, A%, Jif, %65, X E, 300, F4ERK 2023
YIBEL2-4) 72 060303]

[25]Jia F D, Liu X B, Mei J, Yu Y H, Zhang HY, Lin Z Q, Dong H Y, Zhang J, Xie F,
Zhong Z P 2021 Phys. Rev. A 103 063113

[26] Liu X B, Jia F D, Zhang HY, Mei J, Yu Y H, Liang W C, Zhang J, Xie F, Zhong Z

P 2021 AIP Advances 11 085127

15



Rydberg atomic spectroscopy based on nanosecond pulse

laser excitation
Cai Ting ", He Jun -3 7, Liu Zhi-Hui Y, Liu Yao V, Su Nan ", Shi Peng-Fei ",

Jin Gang ?, Cheng Yong-Jie 2" T, Wang Jun-Min D- 3 77t

1) (State Key Laboratory of Quantum Optics and Quantum Optics Devices, and Institute
of Opto-Electronics, Shanxi University, Taiyuan 030006, China)
2) (Beijing Institute of Radio Metrology and Measurement, Beijing 100039, China)
3) (Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China)
Abstract

By cascaded excitation using an 852-nm continuous-wave laser and a 509-
nm nanosecond pulsed laser, the electromagnetically-induced transparency
(EIT) spectroscopic signals of ladder type three-level cesium atoms with
Rydberg state have been achieved using a room-temperature cesium vapor
cell. The 509-nm pulsed laser beam’s power is ~176 W, while the pulse
repetition frequency ranges from 300 kHz to 100 MHz and can be
continuously adjusted. The laser pulse duration ranges from 1 to 100 ns and
can be continuously adjusted. The relationship between Rydberg EIT
spectroscopic signals and 509-nm nanosecond pulsed laser parameters have
been experimentally investigated. By changing the pulse repetition
frequency and the pulse duration of the 509-nm nanosecond pulsed laser,
the comb-like Rydberg atomic spectroscopy has been achieved using a
room-temperature cesium vapor cell. Under certain repetition frequency
and pulse duration ranges, the envelope of the spectral lines shows a regular

pattern, the spacing between the transmission peaks is consistent with the
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pulse repetition frequency, and atomic with the specific velocity group can
be excited to Rydberg state by changing the values of the 509-nm laser pulse
repetition frequency and pulse duration. Theoretically, the center peak
frequency can be tuned to within £100 MHz of the velocity group atoms'
excitation in Rydberg state for the pulsed laser parameters.

Compared with finite velocity group pumping of cesium atoms by a
continuous-wave laser, decreasing the repetition frequency of the 509-nm
pulsed coupling laser can further increase the number of atoms in Rydberg
state. When the repetition frequency of the 509-nm pulsed laser approaches
the EIT linewidth, the number of cesium Rydberg atoms can be increased
by up to 10 times. During the parameter optimization process, the dynamic
characteristics of pulsed excitation in multi-level atoms, as well as the
interaction characteristics between arbitrarily shaped laser pulses and
multi-level atomic systems, should be considered. Pulsed laser pumping
enables the interaction between the laser field, and a specific velocity group
of atoms and the atomic frequency comb spectroscopy developed from it
can be used for electric and magnetic field measurements. The multi-peak
structure of the spectrum can be used to more accurately determine the
intensity, frequency, and phase of the microwave electric field by measuring
spectral variations. This high-sensitivity and high-resolution measurement
capability is crucial for the precise measurement of microwave electric
fields. The pulse coupling laser can excite atoms in a specific velocity group
to the Rydberg state. High-density Rydberg atoms can improve the signal-
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to-noise ratio of the measured spectrum, which has potential application in
quantum sensing and quantum measurement based on Rydberg atoms.
Keywords: Rydberg atoms, Nanosecond pulse laser excitation, Electromagnetically

induced transparency spectroscopy, Velocity selection spectroscopy

PACS:32.80.Ee,02.70.Hm,42.50.Gy
T Corresponding author. E-mail: hejun@sxu.edu.cn
11 Corresponding author. E-mail: ¢yj229@163.com

T11 Corresponding author. E-mail: wwjjmm@sxu.edu.cn

18



