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Fig. 1. Model of Rydberg atomic system with Bessel optical lattices. (a) Atomic level structures of three-level Rydberg atoms. One
probe field (half-Rabi frequency §2,) couples states |1) and [2). One control field (half-Rabi frequency (2:) couples states |2) and
[3). Ay and As are the single-photon and two-photon detunings, respectively. I'12 and I'xg are the spontaneous emission decay
rates from [2) — |1) and |3) — |2) respectively. V(r — r’) is the interaction potential of two Rydberg atoms. (b) Schematic dia-
gram of Rydberg blockade effect. The long-range interaction between Rydberg atoms blocks the the excitation of atom in the block-
ade sphere (with radius R}, ). Only one atom (yellow) in the blockade sphere can be excited to Rydberg state. (c¢) Spatial distribu-
tion of Bessel lattice potential. The one-order Bessel function is adopted in this work.
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Fig. 2. Modulation of fundamental solitons and their stability: (a) Intensity distribution of fundamental solitons; (b) light intensity

of probe filed with respect to transport coefficient b; (c) stability analysis of fundamental solitons; (d) light intensity vs. nonlocal

nonlinear coefficient «; (e) stable zone with respect to b and «; (f) light intensity as a function of Bessel lattice strength p. The

solid and dash lines represent the stable and unstable state, respectively. Point A is the state of profile panel (a) with system para-

meters: b=1, a =1, p=4.
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Fig. 3. Modulation of two-pole solitons and their stability: (a) Profile of two-pole solitons; (b) light intensity of probe filed with re-
spect to transport coefficient b; (d) nonlocal nonlinear coefficient «; (f) Bessel lattice strength p; (c) stability analysis of fundament-
al solitons; (e) stable zone with respect to b and a. The solid and dash lines represent the stable and unstable state, respectively.
Point A is the state of profile panel (a) with system parameters: b =1, « = 0.1, p = 1.
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Fig. 5. Profile of vortex solitons and their phase structure: (a), (b) Intensity distribution of vortices and its projection in (z, y)

plane; (c) phase distribution of vortex solitons. The parameters of vortices here are b = 0.5, « = 0.1, p = 1.
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Abstract

Realizing stable high-dimensional light solitons is a long-standing goal in the study of nonlinear optical

physics. However, in high-dimensional space, the light field will inevitably be distorted due to diffraction. In

order to solve the diffraction effect in nonlinear Kerr media and achieve the spatial localization of light fields,

we propose a scheme to generate stable two-dimensional (2D) solitons in a cold Rydberg atomic system with a

Bessel optical lattice, where a three-level atomic structure, a weak probe laser field, and a strong control field

constitute the Rydberg-dressed atomic system. When the local nonlinearity, Bessel potential, and nonlocal
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nonlinearity which is caused by the long-range Rydberg-Rydberg interaction (RRI) between Rydberg atoms are
balanced, the probe field can be localized. Under the approximation of electric dipole and rotating wave, the
stable solution of probe field is obtained by solving Maxwell-Bloch equations numerically. A cluster of 2D
spatial solitons, including fundamental, two-pole, quadrupole and vortex solitons, is found in this system.
Among them, the fundamental, dipole and quadrupole have, one, two, and four intensity centers, respectively.
Vortex solitons, on the other hand, exhibit vertical characters in profiles and phase structures. The formation
and transmission of these solitons can be controlled by system parameters, such as the propagation coefficient,
the degree of nonlocal nonlinearity, and Bessel lattice strength. The stable regions of these solitons are
determined by anti Vakhitov Kolokolov (anti-VK) criterion and linear stability analysis method. It is found
that four kinds of solitons can be generated and stably propagate in space with proper parameters. Owing to
the different structures of the poles, the fundamental state and vortex state remain stable, while the quadrupole
ones are unstable. In the modulation of solitons, there is a cutoff value of propagation constant b, only below
which value, the solitons can propagate stably. The light intensity of soliton shows a periodic behavior by
tuning Bessel lattice strength. The period of the intensity decreases with the order of the solitons as a result of
the interaction between the poles. It is also found that the solitons are more stable with weak nonlocal
nonlinearity coefficient. This study provides a new idea for the generation and regulation of optical solitons in

high dimensional space.
Keywords: Rydberg cold atomic atoms, Bessel optical lattice, spatial solitons

PACS: 42.50.Md, 32.80.Ee, 02.40.Xx DOI: 10.7498/aps.72.20230096

104202-10



Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

K RBIERA T BEBALETFREF R 4% F?ﬁ‘ﬁiﬂﬁ?
Bk HAleE BRER ik R AKX fws HEK fF4 AR

Two—dimensional spatial optical solitons in Rydberg cold atomic system under the action of optical lattice

Liao Qiu-Yu  HuHeng-Jie  Chen Mao-Wei  ShiYi ZhaoYuan Hua Chun-Bo Xu Si-Liu  Fu Qi-Dong
Ye Fang-Wei  Zhou Qin

5] Fi{i5 &, Citation: Acta Physica Sinica, 72, 104202 (2023)  DOI: 10.7498/aps.72.20230096

TELR T2 View online: https:/doi.org/10.7498/aps.72.20230096

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

i R T R SR R
Magnetic excitation of ultra—cold atoms trapped in optical lattice

PPz 2019, 68(4): 043703 https://doi.org/10.7498/aps.68.20190153

4 SRS A Al T Mou 464 5 19 50 5290

Experimental realization of Mott insulator of ultracold 87RD atoms in two—dimensional optical lattice

PIBR2A4R. 2020, 69(19): 193201  hitps:/doi.org/10.7498/aps.69.20200513

BRI P AR R RGO S L B 58 AT it S g

Deflection and manipulation of weak optical solitons by non—Hermitian electromagnetically induced gratings in Rydberg atoms

YrH2E 4. 2022, 71(13): 133202 https://doi.org/10.7498/aps.71.20220456

LT LA ST R g AR A G K

Deceleration of optical pulses based on electromagnetically induced transparency of Rydberg atoms

YIBR2A4R. 2021, 70(10): 103201 hitps:/doi.org/10.7498/aps.70.20210102

BRI T Z RN AR B S et i

Research progress of Rydberg many—body interaction
YAz 2020, 69(18): 180301  https://doi.org/10.7498/aps.69.20200649

= AR AE LR R T DR B ) 2 E Y
Correlated dynamics of three—body Rydberg superatoms
Y2, 2022, 71(1): 014202 https://doi.org/10.7498/aps.71.20211284


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230096
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20190153
https://doi.org/10.7498/aps.69.20200513
https://doi.org/10.7498/aps.71.20220456
https://doi.org/10.7498/aps.70.20210102
https://doi.org/10.7498/aps.69.20200649
https://doi.org/10.7498/aps.71.20211284

	1 引　言
	2 模　型
	3 结果和讨论
	3.1 非涡旋光孤子
	3.2 涡旋光孤子

	4 结　论
	参考文献

