) 32 2 3R Acta Phys. Sin. Vol. 74, No. 16 (2025) 164209

ET=ER

B8R IR S Y

UL - I R T

5%

(bR SR A B, KIE 030051)
(2025 4F 5 J3 30 FHUE; 2025 45 6 A 12 H i EMEHR)

DI - I e 4 R R 5 T 2 A B SR T AR 28 2 o 1) 2 30 B0 JR ST 20 1 A IR i e e 2
R, AR SCHE L T3 3 LA D7 194 0 SR 8 A e 40 AL, R P 52 R ek R B i 46 5 22 s 5 7
e, S HOURE P DU fIE 9 DU 8 R Aot e v JRAE N 3 5 06 5 2Z I AR+ A AR i 223k 5, I ph e 3R A5 DU TR
WA R A i T 2k 5 R A 2R SR A B, TR 0 T DU IR ORI AL R R, DR T O 5
J3E 70 25 355 M S8 R e 4 SRR R R . T ST A SRR, L R RGE Bl 5 R A SR I RO 2 B IR LR AR A R, 2
Z BN T B AR TN, P30T W3 3 i AR SN % i 5% 1F T 9 BB - G Bt A o B 3L 5 1
WA M TR, W HX Tl 75 B HOR B2 B B2 5L

KGR DUBARI, HAMANE T, 28, BT

PACS: 42.65.Ky, 42.50.Gy, 52.25.Dg, 02.10.Yn
CSTR: 32037.14.aps.74.20250706

1 g

R ER A A B ) — D EH 2
S, ARRMUS T BB, R e R I
Bl A MR TS B i A U LI
BB R, AR R I RO S AR Y 1R 1) S B
AR, XTI T R AR TS R A

il

U YRR T OSSR T OIS

WEICHR G 25 Z R ELAEHIDT sUR IR & 2307 5 4T
ST RO B 2L BUR T 4R H A AL
Gt Hoh, BUEAR R il TR RO AR 2% B A
A SRR AT HIMCAR A 5 OB 1) flif
LR YRV SR R 8 S i 5 NG AR M S R NT) A
FE 1. B AR B -G e e mT DL gl ik T 1L
TR A Z PR,

DOI: 10.7498/aps.74.20250706

ARk, BLAER R AR TR K
FEa A A, O S T 15 B A FERORE 2
A e 1. PO A IR E 9 TS
EedtgRe T2 5B AR AR L, AR R RE 8
[ B R A 2 R A v 1310, R, BT Bl
AT DO TR A A DA G e e, S s
IR R A R - Gk e AL T B Y AT R B,
Petrosyan %5 ') J&/R T E W R T R 4t i ad g
PR A 52 R SOG4 ) T A7 M, T Miao 1
Wulls WEE K 35 K W R TR 82085 7E 5 K
1) = 2 T K IR s IR S D P, S
T 2R SEM A T, BEIRSCR R 2.5%
(58%), A 55 M 0.36 MHz. /45X BLiff 55 B
T B IR, SR, LR G v
W B AR AR a2 e I R 2548, X e 4%
PEBR ] T HAE S IR I T R 51219, 7E =R 4k

* ER ARRIEERES (S 52275576) AULIPYAEE T (LS. 202303021222099) BB AR

1 E-mail: flzbezzt@126.com
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

164209-1


http://doi.org/10.7498/aps.74.20250706
https://cstr.cn/32037.14.aps.74.20250706
mailto:flzbczzt@126.com
mailto:flzbczzt@126.com
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 2 3R Acta Phys. Sin. Vol. 74, No. 16 (2025) 164209

(LR iSSP E €A i aNAST SEND)
SO, AJ3ER I AT TE A HA R TR AL

ARSCE AR B AT MIEUERLL, R Gt
FEHET 3 IR HLAEAA B3 1 DU SRS AR AR -t
WA P AT, Yotk TG A i 5 A i bk
7 AR B BR HERE 20T DU TRAR A EA T, SR R
L2 T SR IE DU REZ DU IR 5 R B4 A A
IR, AT T O 4 55 B R e AR B
55 22 s i 5 77 RE TR 0 A 1 DU R R 1Y
fERRRAE. 558, TR AT T AT P AN i) 22 1)
2N, G B TR A AR, R A2 R
XU e e sl TR R R, T A
12 35 R A RIS 2 R HARE SRR, M2
BRI T AR GEIN, FefeRr n] 3 A4
P, Al G PO e H0RE il BE 2 K B2
fili 254 SR SE PR AR kHz LLT, SEaiin - i
BRI P

ABETE R AT A - e AR R I T
BB TS TSR 5, ALRERS A AL SR
B, B RERE TR i R GT ARG E PEAN S I
A B TR BEORIYRE, R e &1 4%
ATl E RGTHY PR .

2 PR

ARATE I A R I B IO W g, A
Y35 DU B8 50 3 R AH EL AR HTZH R A DU 35 TR
Jrg. 5 2.0 W BT 22 va i T A 9 b T R Y
PRIERES S o SEAH EAR FHREA TR, BRI T AR AR
AR, TS 2.2 WRRAL TR AT, BRI ]
TR el -G PO, Sy TR R AL, RIS T
T FDEAIITR L. Bom, 55 2.3 10K 28 AU
NAFRA TR,

21 ERHE-mgHIE

LT HLEBMA R 1 DU PR BT S AN1ET 1 B,
PR 2p AN P ISR 5 LR (1) 25
A [2) , PLHIRA Qn IRFFARG S M 3K
ST N B Z (2) B RAEE S (3), BB
Qc WsRIER CAF T BUAEMAZS 13) FUREUL &
14) Z [ BRE. — B4 B PR C LU KBS
MAEREF =&, A (1) PRz 4) ZE50E
MR TR S A AR v, = vp + v — vo HIFE

Bty Lr=A:. ik 1(b) FrR, PUASZTE R
L AL 1, IR B AT R AR AT B 25 ko =
kp+ ky — ke, /E\:EP kx %ﬁ*ﬁ@%%ﬁ%%

(a) 13 0 gy womm
M b —4
ol A %%C%; fj’%ﬁi
Rhe
4 _1_ P kp Fa KL
L X s
| ko >N
) ™~

1 PSRRI () MEREIE R TSR, (b) 5
IR - 2 e 4 1) S 62 17 R A

Fig. 1. Schematic diagrams of four-wave mixing: (a) Sym-
metric ladder configuration; (b) geometry of the setup en-

abling microwave-to-optical conversion.
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Fig. 2. Result of Doppler effect free: (a) Intensities of the converted field L versus position z; (b) 2D density map of the efficiency

for the all-resonant case versus 2¢ and 2p .
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Fig. 3. Relationship between the real and imaginary parts of the coefficient Bp; and [z at room temperature versus 2¢ and 2p .
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Abstract

Microwave-to-optics conversion is a core technology for hybrid quantum networks, enabling the integration
of microwave and optical frequency domains essential for quantum communication and quantum information
processing. However, the Doppler broadening effect in thermal atomic ensembles often severely limits the
conversion efficiency. This study aims to propose a novel mechanism for microwave-to-optics conversion using
four-wave mixing (FWM) in room-temperature Rydberg atoms, addressing the challenges posed by Doppler
broadening and providing a theoretical framework for practical applications. We develop a theoretical model
based on the coupled Maxwell-Bloch equations to describe the FWM process in a symmetric double-ladder four-
level system. The density matrix method and perturbation method combined with Maxwell’s equations are used
to derive an analytical expression for the coherence coefficient between the microwave field and the optical field.
This coherence coefficient characterizes the energy transfer between the microwave and optical fields and is used
to obtain an analytical expression for the FWM conversion efficiency. We use cesium vapor as a medium to
analyze the propagation characteristics of the FWM efficiency and explore the effects of laser field intensity and
the Doppler effect on the conversion efficiency. Our analysis reveals that the detuning effect caused by the
thermal motion of atoms significantly reduces the resonance coupling efficiency. Specifically, when the Doppler
frequency is lower than the natural linewidth, the conversion efficiency can be notably improved. In a Doppler-
free environment, the conversion efficiency approaches unity at an optimal propagation distance. In contrast, in

room-temperature cesium vapor (300 K), the conversion efficiency is significantly reduced due to Doppler
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broadening. However, by cooling the atoms to microkelvin temperatures, the Doppler broadening can be
minimized, leading to a substantial increase in conversion efficiency. This study provides new theoretical
guidance and experimental schemes for microwave-to-optics conversion at room temperature. The proposed
mechanism based on Rydberg atoms provides a promising approach to overcoming the limitations imposed by
Doppler broadening. Our findings are of great significance for advancing quantum information technology,
especially in the context of developing efficient quantum networks.
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