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Fig. 1. Spatial frequency shifting in imaging system.
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Fig. 2. Two methods for the generation of evanescent wave:
(a) Scheme based on the total internal reflection at upper
surface of prism; (b) scheme based on the transmission

wave from nano-structures.
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Fig. 3. Comparison of evanescent wave generated by above two methods: (a) Light intensity distribution around the interface of

prism when total internal reflection occurs; (b) light phase distribution at the upper interface of prism; (c) light phase distribution

around the nano-structure; (d) phase distribution at the monitor closely above the nano-structure.
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Fig. 5. Imaging resolution contrast between far-field illumination and near-field evanescent wave illumination: (a) Imaging target
and its parameters; (b)—(d) imaging results obtained by far-field illumination; (e), (f) imaging results of near-field illumination when

the refractive index of prism n = 1.5; (g), (h) imaging results of near-field illumination when the refractive index of prism n = 1.8.
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Fig. 6. Directional differences in imaging resolution of spatial frequency shift super-resolution imaging: (a) Imaging target and its

direction; (b)-(g) imaging results obtained at different azimuth angles.
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Fig. 7. Directional differences in imaging resolution of spatial frequency shifting super-resolution imaging method: (a) Sketch of the

nano-structure; (b) phase distribution of the evanescent wave generated above the upper surface of nano-structure.
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Fig. 8. Comparison of imaging characteristic under different evanescent wave illumination: (a), (b) Sketch of the imaging targets;
(¢), (d) imaging results obtained under the evanescent wave illumination generated by the total internal reflection at prism surface;
(e), (f) imaging results obtained under the evanescent wave illumination generated by nano-structures.
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Fig. 9. Realization of ultra-high imaging resolution: (a) Parameters of the imaging targets; (b) imaging results under evanescent
wave illumination.
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Abstract

In spite of the success of fluorescence microscopes (such as stimulated emission depletion microscopy,
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stochastic optical reconstruction microscopy and photoactivated localization microscopy) in biomedical field,
which have realized nanometer scale imaging resolution and promoted the great development of bio-medicine,
the super-resolution imaging method for non-fluorescent sample is still scarce, and the resolution still has a big
gap to nanometer scale. Among existing methods, structured illumination microscopy, PSF engineering, super-
oscillatory lens and microsphere assisted nanoscopy are more mature and widely used. However, limited by the
theory itself or engineering practice, the resolutions of these methods are hard to exceed 50 nm, which limits
their applications in many fields. Enlightened by synthetic aperture technique, researchers have proposed spatial
frequency shift super-resolution microscopy through shifting and combining the spatial frequency spectrum of
imaging target, which is a promising super-resolution imaging scheme, for its resolution limit can be broken
through continually. Currently, owing to the limitation of the refractive index of optical material, the
wavelength of illumination evanescent wave is hard to shorten when this wave is generated at prism surface via
total internal reflection, which determines the highest resolution of this spatial frequency shift super-resolution
imaging system. Another deficiency of this scheme is the difference in imaging resolution among different
directions, for the image has the highest resolution only in the direction along the wave vector of illumination
evanescent wave; while, the image has the lowest resolution in the direction perpendicular to the wave vector,
which is the same as that obtained by far-field illumination.

In order to solve the above thorny questions, a new model of generating the evanescent wave is proposed,
which can generates an omnidirectional evanescent wave with arbitrary wavelength based on the phase
modulation of nano-structure, and solve the both problem in imaging system at the same time. To verify the
our scheme, we set up a complete simulation model for spatial frequency shift imaging scheme, which includes
three parts: the generation of evanescent wave and the interaction of the evanescent wave with the nano-
structures at imaging target, which can be simulated with FDTD algorithm; the propagation of light field from
near-field to far-field region, from the sample surface to the focal plane of objective lens, which can be
calculated with angular spectrum theory; the propagation of light field from the focal place to the image plane,
which can be worked out with Chirp-Z transform.

Firstly, with this complete simulation model, we compare the resolution of microscopy illuminated by
evanescent wave with that by propagating wave. The experimental results verify the super-resolution imaging
ability of evanescent wave illumination and the influence of prism refractive index. The higher the refractive
index, the shorter the wavelength of evanescent wave is and the higher the resolution of spatial frequency shift
imaging system. Secondly, we demonstrate the resolution difference in a series of directions with a three-bar
imaging target rotated to different directions. The result shows that the highest imaging resolution occurs in the
direction of illumination evanescent wave vector, and the lowest resolution appears in the direction
perpendicular to the wave vector. Finally, we simulate the evanescent wave generated by nano-strcuture and
demonstrate its properties of wavelength and vector direction. When applied to near-field illumination super-
resolution imaging, the omnidirectional evanescent wave solves the both problems in the model of total internal
reflection from the prism surface.

Therefore, the advantages of our scheme are higher imaging resolution and faster imaging speed, no need
for multi-direction and multiple imaging, and also image post-processing. In this study, a new spatial frequency

shift super-resolution imaging method is proposed, which lays a theoretical foundation for its applications.
Keywords: microscopy, super-resolution imaging, near-field illumination, evanescent wave

PACS: 42.30.-d, 07.60.Pb, 98.52.Cf, 78.47.dc DOI: 10.7498/aps.72.20230934

* Project supported by the National Natural Science Foundation of China (Grant Nos. 62075176, 62005206) and the Open
Research Fund of State Key Laboratory of Transient Optics and Photonics, China (Grant No. SKLST202208).
1 Corresponding author. E-mail: jzling@xidian.edu.cn

1 Corresponding author. E-mail: xrwang@mail.xidian.edu.cn

224202-8


http://doi.org/10.7498/aps.72.20230934
mailto:jzling@xidian.edu.cn
mailto:jzling@xidian.edu.cn
mailto:xrwang@mail.xidian.edu.cn
mailto:xrwang@mail.xidian.edu.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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BT R = ﬂ@ﬁﬁﬁ%‘*ﬁ&@&?ﬁﬁfﬁ
md Fe IR NE End

Research on spatial frequency shift super-resolution imaging based on evanescent wave illumination
Ling Jin-Zhong  Guo Jin-Kun  Wang Yu-Cheng Liu Xin ~ Wang Xiao-Rui

55 K&, Citation: Acta Physica Sinica, 72, 224202 (2023) DOI: 10.7498/aps.72.20230934
TEZE RT3 View online: https:/doi.org/10.7498/aps.72.20230934
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

V-5 22 £5 i A AR G HR T 23 e SR

Flat—field multiplexed multifocal structured illumination super—resolution microscopy

WAL 2022, T1(4): 048704  hitps://doi.org/10.7498/aps.71.20211712

— T T AR RS2 R AR B o B R BT AR BT
Study on a novel probe for stimulated emission depletion Super-resolution Imaging of Mitochondria

WIFIE4. 2020, 69(16): 168702  hitps://doi.org/10.7498/aps.69.20200171

BT IO LA B BRI 8 PR R

Far—field super—resolution imaging based on wideband stereo—metalens

YIBR2EA. 2018, 67(9): 094101  hitps://doi.org/10.7498/aps.67.20172608

DT iy UGB A S A e B e it

Recent progress of fluorescence lifetime imaging microscopy technology and its application

WFE2EAR. 2018, 67(17): 178701 hitps:/doi.ore/10.7498/aps.67.20180320

LA B A ) P i A 23 B R 5O ey R GERIEALIE
Aberration correction of aperture—divided off—axis simultaneous polarization super-resolution imaging optical system

YrH2E 4. 2022, 71(21): 214201 https://doi.org/10.7498/aps.71.20220946

SRR T B IR RGO TR R
New advances in the research of stimulated emission depletion super—resolution microscopy

PIFAEA. 2020, 69(10): 108702 https://doi.org/10.7498/aps.69.20200168


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230934
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20211712
https://doi.org/10.7498/aps.69.20200171
https://doi.org/10.7498/aps.67.20172608
https://doi.org/10.7498/aps.67.20180320
https://doi.org/10.7498/aps.71.20220946
https://doi.org/10.7498/aps.69.20200168

	1 引　言
	2 理论分析
	2.1 SFSSRI技术及其分辨率极限
	2.2 倏逝波的产生及其波长、波矢

	3 建模与仿真研究
	3.1 SFSSRI仿真模型的建立
	3.2 SFSSRI特性的验证
	3.3 新型倏逝波生成器及其在SFSSRI中的应用

	4 结　论
	参考文献

