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Fig. 1. System schematic: (a) Structural diagram illustrating the interaction between a five-level A -type atomic ensemble (target
atom ensemble) and two Rydberg spin clusters (control atoms). The target atoms are driven by two classical fields 2. and 24,
and probed by a quantum field Qp . The control atoms are represented by Rydberg atomic spins, including states |u) and |d) .
The control atoms are confined within small volumes, with each volume containing ns spins, forming an effective spin J = ng/2.
The control atoms are initially prepared in state |u), and coupled to the target atoms via non-resonant dipole-dipole exchange in-
teraction Dgq(7,v,t) (occurring between transitions |u) <+ |d) of the control atoms and the transitions |i) <> |r) of the target
atoms). (b) The probe field g‘fp(r,t) propagates along the zaxis and can enter the ultracold atomic ensemble of length L from
either the +z or —z direction. The two Rydberg spin clusters are symmetrically placed in the y-direction and move uniformly
with velocity v along the +z direction. (¢) As the spin atoms move with velocity v, the atoms in the target ensemble experience

different effective coupling strengths Qé .
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(b1), (b2) 43 JE /R THE 2 = 0 Ml z = 125 pm &b 19 J&) 8 3% 43 06 3% . BT 1 S 808 2, = 0.003 x 2n MHz, 2 =3 X 2r MHz,

ns =10, s =0, ys = 20 um

Fig. 2. Optical response of the atomic medium when the spin atoms are located at the center of the medium (259 = L/2, v=10):
(al) Transmission rate Ty, = I,(L)/Iy(0) of the probe field at the end of the medium (z = L) as a function of probe detuning Ap ;
(a2) absorption characteristics (Im[x]) of the atomic medium at different positions z along the medium as a function of probe
detuning A, ; (bl), (b2) the local transmission spectra at z=0 and z =125 pum, respectively. Parameters used: 2, =
0.003 x 2 MHz, 2. =3 x 2r MHz, ns =10, s =0, ys =20 um.
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Fig. 3. The effective coupling strength experienced by target atoms at different positions when the spin atomic ensemble moves at a

constant velocity v. The blue-dotted curves and the orange solid curves represent the effective coupling strengths _QI; and §2; for

probe light incident from the +z and —z directions, respectively. The parameters used are the same as in Fig. 2.
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Fig. 4. Optical response of the system when the spin atoms moves at a constant velocity v: (al), (bl) The intensity transmission

rate Ty of the probe beam incident from the left and right sides of the medium as a function of probe detuning A, for

v =20m/s and v = 150 m/s, respectively; (a2), (b2) the corresponding contrast ratio magnitude |C| as a function of probe detun-

ing A, for these velocities; (c) the maximum contrast ratio Cmax within the chosen A, range ([—6,6] X 2xr MHz) as a function

of the spins velocity v. All parameters used are the same as in Fig. 2.
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Fig. 5. In the weak probe limit, when (27'** = 0.003 x 2r MHz, the Rydberg excitation probability at different ensemble positions

under LG beam incidence: (a) Rydberg excitation probability at the position where the LG beam intensity is maximum; (b) Ry-
dberg excitation probability when the LG beam intensity is half of the maximum value.
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Fig. 6. Optical response to a Laguerre-Gaussian LG(l) (=1, p=0) beam when spin atoms are located at the center of the medi-
um (250 = L/2, v=0): (al), (a2) Initial (before incidence) LG beam intensity and phase; (bl) output beam intensity and phase
with left incident probe beam in the presence of spin atoms (ns = 10); (c1) output intensity and phase with left incident probe
beam under zero effective coupling strength ( 251 = 0); (b2) output beam intensity and phase with right incident probe beam in
the presence of spin atoms (ns = 10 ); (¢2) output intensity and phase with right incident probe beam under zero effective coupling

strength (£2g; = 0). All results are obtained at a probe field detuning of Ap = 0.1 x 2rMHz. The LG beam waist is wo = 20 pm
and other parameters are the same as in Fig. 2.
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Fig. 7. Influence of probe detuning A, on the output LG beam when the spin atoms are located (20 = L/2, v=10): (al),
(a2) Output intensity and phase for Ay, = 0.5 x 2r MHz; (bl), (b2) output intensity and phase for A, =1 x 2r MHz; (cl), (c2)
output intensity and phase for Ap = 3 x 2x MHz . All subfigures are for probe light incident from the left side of the medium, and

other parameters are the same as in Fig. 2.
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Fig. 8. Spatial distribution of the imaginary part of the atomic medium polarizability Im[é&(r)]

at position z=L/2: (a)

Ap =0.5x 2t MHz; (b) Ap =1.0 x 2r MHz; (¢) Ap = 3.0 x 2x MHz. All subfigures are for probe beam incident from the left

side of the medium, and other parameters are the same as in Fig. 2.
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Fig. 9. Influence of spin velocity v on LG beam non-reciprocity with probe detuning Ap = 0.01 X 2x MHz: (al)—(a3) The output
beam spots when the probe light is incident from the left side of the ensemble; (b1)-(b3) the output beam spots when the probe
light is incident from the right side of the ensemble. The three columns from left to right correspond to v = 50 m/s, 100 m/s,

150 m/s, respectively. Other parameters are the same as in Fig. 2.
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Fig. 10. Influence of probe detuning A, on LG beam non-reciprocity at spin atomic velocity v = 150 m/s: (al)—(a3) The output

beam spots when the probe light is incident from the left side of the atomic ensemble; (b1)—(b3) the output beam spots when the

probe light is incident from the right side of the ensemble. The three columns from left to right correspond to A, =
0.005 x 2n MHz, A, =0.01 x 2r MHz, and Ap = 2 X 27 MHz, respectively. Other parameters are the same as in Fig. 2.
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Fig. 11. The non-reciprocity index C’EIG of the LG beam versus the probe detuning A, under different probe detunings (a) (fixed
speed v = 150 m/s) and at different velocities of the spin ensemble (b) (fixed probe detuning Ap = 0.01 X 2x MHz ). Panels (al)
and (a2) show local magnifications in smaller ranges of A, (Ap = [0 — 0.05] X 2r MHz and A, = [0.05 — 0.5] x 2 MHz ).
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Fig. 12. Two-dimensional non-reciprocity index C(z,y) under different frequency detunings and different spin motion velocities.
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Non-reciprocal propagation of optical vortices controlled
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Abstract

This paper investigates the dynamic control of non-reciprocal propagation for vortex beams in a Rydberg
atomic ensemble mediated by flying spin atomic clusters. The system comprises a target Rydberg atomic

ensemble with a five-level A -type structure and two flying spin atomic clusters moving at velocity v, coupled
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through position-dependent non-resonant dipole-exchange interactions to form a hybrid quantum system
exhibiting dipole-exchange-induced transparency. The macroscopic relative motion between the flying spin
clusters and the stationary target ensemble induces optical non-reciprocity. Using the split-step Fourier
propagation method combined with the superatom model, we perform numerical simulations to analyze the
spatial evolution of a probe Laguerre-Gaussian (LG) vortex beam. To quantify nonreciprocity, we introduce the
LG nonreciprocity index CLG, defined through the difference in normalized mean absolute intensity between
output spots for left and right incidences. Our findings show that the spin cluster velocity v and the probe
detuning (4,) are key parameters governing the non-reciprocal response. By adjusting v and A,, we can
flexibly manipulate both the intensity and phase profile of the transmitted two-dimensional vortex wavefront.
In the presence of dipole-exchange interaction, the output spot undergoes marked stretching deformation,
deviating from an ideal annular shape, and its stretching direction (e.g., along z or y axis) can be precisely
switched through parameter adjustment. Moreover, the input direction of the probe beam influences the output
phase pattern, producing counterclockwise phase rotation for left incidence and clockwise rotation for right
incidence. This work reveals a dynamic control mechanism for non-reciprocal propagation of structured light
through macroscopic motion of spin clusters and underscores the potential of dipole-exchange-induced
transparent systems for designing nonreciprocal optical devices. These results lay a theoretical foundation for
optical information processing and quantum communication, and suggest a viable technique for two-dimensional
vortex beam shaping with broad application prospects.
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