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Fig. 1. Double A-type four-wave mixing energy level diagram based on cesium atoms. The black, red, and green arrows indicate the

transitions driven by the pump, probe, and conjugate beams, respectively. Upward-pointing arrows represent the process of photon

absorption by the atoms, while downward-pointing arrows represent the process of photon emission.
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color, the lower the intensity, while the lighter the color, the higher the intensity; in the phase patterns, the color changes from blue
to red indicates that the value changes from —m to w. Other parameters: wp) = wp; = 365 um, wpr =200pum, A=5§=0,

|Qpl} = |9p2| =TI

[25: [2con|? 1252 [£2con|?
—-0.4 1.0
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B3 Y0 0 e TR, B 5 S 2 = 5 mm BB Ak R T | Qpeon|” (12 HE) 5 ML I arg(Qpricon) (F

. |92 = 0.1, 40 = 0.011", T = 2 x 4.576 MHz

, A=895nm, N =106 m—3

HE). VA — ik B 43 A1 1 i 2500 R 30 3 DBt b /N B 05 RSz 20 A1 1 20 o ol B 21 3R BB - A AL E] w

(b) Ipp = —1. HABHI 5 2 —5
Fig. 3. Intensity }Qpr/con|2
pump beam with (a) I, =1

(a) lp1 =1;

(top) and phase arg({2prcon) (bottom) patterns of the output probe and conjugate beams for a vortex

, (b) Iz = —1. In the normalized intensity patterns, the darker the color, the lower the intensity,

while the lighter the color, the higher the intensity; In the phase patterns, the color changes from blue to red indicates that the
value changes from —r to w. The other parameters are the same as those in Fig. 2.
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Yo/ I+ 6|27/ 172) B o BIUB/INTITHE R, A 4
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|rzpr(z)|2 = |£2,0(0)]*cosh? [N15(¢/2L)2],  (15a)

| 2eon(2)|* = |12; | )|"sinh? [N15(¢/2L)z] .
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arg(2prcon) (FHE). 19— ﬂ:?ﬁi JEE A P o 260 R 338 3R DI B R /N B DR AR AL 23 A TR B o i B 2L R R B - B AR E)

(@) br =lpt = L H lpp = —
Fig. 4. Intensity ‘.Qpr/con|2

input beams for four-wave mixing are vortex beams with (a) lyr =1l =1 and [y =

Li(b) bpp=lp=—1H1, =1. HRSHH 5K 2 -5

(top) and phase arg(£2pycon) (bottom) patterns of the output probe and conjugate beams when all three

—1, () lpr =1Ipp=—1 and I, = 1. In the

normalized intensity patterns, the darker the color, the lower the intensity, while the lighter the color, the higher the intensity; In

the phase patterns, the color changes from blue to red indicates that the value changes from —r to w. The other parameters are the

same as those in Fig. 2.
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Fig. 5. Intensity of the output beams at a displacement
r = 0.15 mm from the optical axis versus the propagation
distance z under different dephasing rates. The blue curve
corresponds to the probe beam, while the red curve repres-
ents the conjugate beam. The other parameters are the

same as those in Fig. 4(a).
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Fig. 6. The phase patterns at different single-photon detuning for the output beams with dephasing rate for (a) o = 0.005I" and

(b) o0 = 0.05I". Where, arg({2y) stands for the phase of probe field, arg({2con) represents for the phase of conjugate field. Here,

6 = 0, all other parameters are the same as those in Fig. 4(a).
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Fig. 7. Intensity and phase of output beams versus the single-photon detuning for some positions in the beams’ cross-section:

(a), (b) The intensity variation of the probe and the conjugate beams, respectively, at four different positions: (z, y) = (0.01, 0) mm,

(0.04, 0) mm, (0.06, 0) mm, and (0.07, 0) mm; (c), (d) the phase variation of the probe and the conjugate beams, respectively, at
four different positions: (z, y) = (0.01, 0) mm, (0.02, 0) mm, (0.03, 0) mm, and (0.06, 0) mm. Here § = 0, the other parameters are

the same as those in Fig. 4(a).
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Fig. 8. Intensity and phase of output beams versus the dephasing rate for some positions in the beams’ cross-section at A = I" and

6 =0: (a), (b) The intensity variation of the probe and the conjugate beams, respectively, at four different positions: (z, y) =
(0.01, 0) mm, (0.04, 0) mm, (0.06, 0) mm, and (0.07, 0) mm; (c), (d) the phase variation of the probe and the conjugate beams, re-
spectively, at four different positions: (z, y) = (0.01, 0) mm, (0.02, 0) mm, (0.03, 0) mm, and (0.06, 0) mm. The other parameters

are the same as those in Fig. 4(a).
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Fig. 9. Phase patterns at different two-photon detuning for the output beams with dephasing rate for (a) o = 0.005I" and (b) o =
0.05I" . Where, arg({2,r) stands for the phase of probe field, arg(f2con) represents for the phase of conjugate field. Here, A =0, all

other parameters are the same as those in Fig. 4(a).
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Fig. 10. Intensity and phase of output beams versus the two-photon detuning for some positions in the beams’ cross-section:
(a), (b) The intensity variation of the probe and the conjugate beams, respectively, at four different positions (z, y); (c), (d) the
phase variation of the probe and the conjugate beams, respectively, at four different positions (z, y). Here A = 0, the other para-

meters are the same as those in Fig. 4(a).
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Fig. 11. Intensity and phase of output beams versus the dephasing rate for some positions in the beams’ cross-section at § = 0.011"

and A =0: (a), (b) The intensity variation of the probe and the conjugate beams, respectively, at four different positions (z, y);

(c), (d) the phase variation of the probe and the conjugate beams, respectively, at four different positions (z, y), and (0.06, 0) mm

The other parameters are the same as those in Fig. 4(a).
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Abstract

The aim of this paper is to explore high-fidelity phase-front transfer for optical vortices via four-wave
mixing. Based on a dual-pump non-degenerate four-wave mixing configuration, an optical vortex is encoded in
the phase of an arbitrary input beam. We investigate the phase profile of the generated beam and its
dependency on the system parameters. Using first-order perturbation theory, we solve the density matrix
elements related to the atomic medium polarization, establish the coupled-wave equations for the propagation of
the generated probe and conjugate beams within the medium, and obtain analytical expressions for the Rabi
frequencies of the two optical fields. The coherent transfer of optical vortices among beams is simulated.
Furthermore, the research highlights the impact of frequency detuning and dephasing rate on the vortex phase
distribution. The results indicate that frequency detuning not only affects the strength of light-atom interaction
and the efficiency of four-wave mixing but also modulates the vortex wavefront of the generated beams, leading
to phase distortion. Reducing the dephasing rate of the system ensures that high-fidelity coherent mode transfer
of the optical vortex can be achieved even under single-photon detuning. Conversely, when the system
coherence is better preserved, two-photon detuning induces more pronounced phase distortion in the vortex
beam. Therefore, to achieve high-fidelity optical vortex transfer, it is necessary to minimize both the dephasing
rate and the two-photon detuning. These findings provide an optimized scheme and theoretical foundation for
the experimental realization of high-fidelity optical vortex transfer, offering significant reference value in the
application field of vortex four-wave mixing, such as high-dimensional quantum communication and information

processing based on orbital angular momentum.
Keywords: oherent atomic system, four-wave mixing, first-order perturbation theory, optical vortex
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