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TS: Beam splitter with transmissivity 1%
HR: High reflector

GT: Glan-Taylor prism

QWP: Quarter wave plate

VWP: Vortex wave plate
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Fig. 1. (a) Diagram of atom energy levels for the atoms; (b) diagram of experimental setup; (c¢) diagram of the interaction angle

between pump and signal lights in the Cs atom cell.
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Fig. 2. Normalized transmission spectra T detected by PD1-PD4 versus single detuning 4 under the different pump and signal
lights: (a) Py-S;; (b) Py-Sy; (¢) Py-Py-Sy; (d) Py-Sy; () Py-Sy; (f) Py-Py-S,. The main experimental parameters are:
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Fig. 3. The FWM processes under the different pump and signal lights: (al) P;-S;; (bl) Py-Sy; (c1) Py-Py-Sy; (dl) P-Py-Ss.
(a2)—(d2) Phase matching corresponding to the FWM of panels (al)—(d1).
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B4 (al)—(d1) Ml (a2)—(d2) 5+ B0 %FRL ] 3(al)—(d1) B9 FWM s B o, DA 1S T 44800 7 ) UL A O BRE J . B 7 2Rk

4 = -260 MHz

Fig. 4. (al)—(d1) and (a2)—(d2) Spatial patterns of FWM beams generated in the forward and backward directions corresponding to
the FWM processes in Figs. 3(al)—(d1). The single photon detuning is 4 = 260 MHz.
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5 (al)—(cl) fE NRA &1 F, {5 5 6RRRDGEN AR OAM I CCD WMADEBEERE  (al) Is, = —1, lp, =0;(bl) Is, =0,
lpy ==1;(cl) Is, =0, lpy = 2. (a2)—(c3) 21X B (al)—(c1) HARRIHR FWM {55 1 1 3 Bk

Fig. 5. (al)—(cl) Under NRA condition, the Spatial patterns observed by the CCD when the signal and pump lights carry different
OAM: (al) Is; =—1, lp, =0; (bl) Is;, =0, Ip, = —1; (cl) lp, =2, Ip, =2. (a2)—(c3) Interference patterns of the amplified

FWM signals corresponding to panels (al)—(cl).

B 6 RAZKMT, 55 CFER OGN AR OAM B (al), (c1) §i i CCD F (b1), (d1) J& il CCD WM EBEEEE  (al), (b1)
ls; =—1,1p, =lp, =0; (cl), (d1) Is, =0, lp, = —1, Ip, = 2. (a2)—(d3) 2 HIXF B &l (al)—(d1) H AR R K FWM 55 9+
R

Fig. 6. Under the condition of RA, the spatial patterns observed by the forward CCD (al) and (cl), as well as the backward CCD
(b1) and (dl) when the signal and pump lights carry different OAM: (al), (bl) Is, = —1, Ip, =Ip, =0; (cl), (d1) Is, =0,
lp, =—1, Ip, = 2. (a2)-(d3) Interference patterns of the amplified FWM signals corresponding to panels (al)—(d1).

W E OAM SPHE, B Al = —21p, + (Is,+
le,) =0.

FH T 7E XL ] A 7 AR e {5 SO RIS AE TR
TR F2r= R 28 FWM i #2, M= A XGE i
) RA, Z R IS5 A DGR OAM [l K
1) FWM Y5685, LA P1-Py-S, 5500 R0, 1 Jcikli
I S, YN ECH Is, = —1, Py OEHI Py ot
M lp, = lp, =0, IS TERT . J5 W74 0 FWM {5
SR LGB, WL 6(al) M 6(bl). it M-Z
Tebik, K R Y S, S C) otEy OAM
50 ) S A T RS R AR, B g, = -1,
le, = 1, W1l 6(a2) MKl 6(a3) Frzs. 1T 511
PR AR R SO C oL, HARFN L AT B A 1, =
—1Hlle, =1, W 6(b2) A 6(b3) Fras. X F
S, G RA i #8, HAAshi 2tk Als, = (Ip, —1s,)—
(lp, —Is;) = 0; X T C; 9 RA A2, Ale, = (Ip, -

Ie,) — (b, — ley) = 0, ZF IR 2 OAM ~H.
MEE S OE MR N T L R 15, =0, PG R
Py 0 Iy, = —1, lp, = 2, HiAAY S, YA C,
SR EBERE 2 S AR R R 5 B2 2547 T Al
W, Bl is, =0 Al Ic, = —2, WLIK 6(cl)—(c3), i
R FWM 3 B4 OAM <P, XF T )5 16 77 4
1) RA Y, T2 Py G2, S| OEFN C) D2
LG Y6, Wil 6(d1) P, £ M-Z T, S|+
WARBCHEA 3 A%e R FLET £ e (o iR e+
FA0, RUPTHIRFMEAECN 15, = 3, WK 6(d2); T
Cy R EA 1 A8 HLAR R IR IE 3% 1) 18 5E
TR, RUTHARF MR I, =1, WA 6(d3),
BT S, A €, 19 RA s FERIREE G /2 OAM
SRR

Kl 6 S5 3R, FEXUR SR A T, S Py
JEH OAM I, S, JEAI C, JEAHBIY RA 637 SOk

044203-7


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. 4 (2025) 044203
F 1 PUEHCR FWM {55609 OAM {H
Table 1. Value of OAM for 4 ways FWM signals.
ls le, lsy ler ls, le, g, ley
Ip, =—1, lp, =0 0 2 1 1 0 0 1 1
lp, =1, lp, = —1 0 -2 0 -2 0 -2 0 -2
Ip, = —1, lp,=1 0 2 2 0 0 2 2 0
lp, =—1, lp, = -2 0 -2 -1 -3 0 —4 1 -3
lp, = —1, lp, =2 0 -2 3 1 0 4 -3 1
063523
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Abstract

Magnet-free optical nonreciprocity has significant applications in quantum communication, quantum

networks, and optical information processing. In this research, considering a degenerate two-level thermal
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atomic system with the Doppler effect of thermal atoms, the nonreciprocal amplification (NRA) of dual-path
degenerate four-wave mixing (FWM) signals is achieved under the action of a co-propagating pumping field. On
this basis, spatially multiplexed multiple FWM processes are formed by introducing another counter-
propagating pumping field, thereby achieving the reciprocal amplification (RA) of the dual-channel FWM
signals. Furthermore, by using multiple sets of spiral phase plates to load spiral phases on the signal light and
the pumping light respectively, higher-order Laguerre-Gaussian vortex beams carrying different optical orbital
angular momentum (OAM) are generated and participate in the FWM process, achieving the transfer of the
OAM of the pumping light to the amplified FWM fields. Simultaneously, using the Mach-Zehnder
interferometer, the conservation characteristics of the OAM of each FWM signal in the NRA-RA conversion are
further analyzed. Furthermore, experimental results demonstrate that in the multiple FWM process induced by
a pair of counter-propagating pump fields, the OAM of the amplified FWM signal in each channel varies with
that of the pump field. However, the overall process maintains the OAM conservation. This study provides a
feasible solution for expanding the channel capacity using OAM based on NRA-RA system, showing that the
OAM has potential application prospects in achieving high-capacity optical communication and multi-channel

signal processing.
Keywords: optical nonreciprocity, four-wave mixing, optical orbital angular momentum, vortex beam
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