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See Phase w/o Interference

Phase → intensityIntensity → Phase



How does wave propagate?

Non-planar phase changes the intensity during wave propagation 
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Transport-of-intensity equation (TIE)

TIE describes the flow of intensity along the optical axis as light waves propagate 
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Dynamic TIE microscopy
Electrically tunable lens based TIE (TL-TIE)

OL/ETL 

Collector 
Lens

Aperture 
Diaphragm

Condenser
Lens

Specimen

Objective

Tube Lens

Image 

Plane

L1 L2

M1

CCD

Olympus IX71

TL-TIE 
add-on module

C. Zuo, Q. Chen, W. Qu, A. Asundi, Optics Express, 21 (2013) 24060-24075.
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C. Zuo, Q. Chen, W. Qu, A. Asundi, Optics Express, 21 (2013) 24060-24075.



Dynamic TIE microscopy

C. Zuo, Q. Chen, W. Qu, A. Asundi, Optics Express, 21 (2013) 24060-24075.





Dynamic TIE microscopy
Single-shot quantitative phase microscopy (SQPM)
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Dynamic TIE microscopy

C. Zuo, Q. Chen, W. Qu, A. Asundi, Optics Letters, 38 (2013) 3538-3541.
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Transport of intensity equation



Solution



Coherent TIE

Coherent illumination, ideal imaging? 



Imaging System



Illumination 



Coherent Imaging System



Coherent Limit

PhaseAmplitude



Coherence in a microscope



Coherent Limit



Coherent Limit



Resolution improvement in DHM

Synthetic Aperture (Beam scanning or Structured illumination) 

Multi-angle measurement to achieve ~ 2NAobj

NAobj

NAsyn ~ 2NAobj



Coherence in a microscope



No interference 



Transport of intensity equation ?



Effect of partially coherent illumination

Purely coherent field

Partially coherent field

?
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Transport of intensity equation ?



Generalized transport of intensity equation



Generalized transport of intensity equation



Transport of intensity equation



Generalized Phase



Light field  ~  Wigner distribution



Solve TIE

Two images with slight defocus Intensity derivative ( ),
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Computational light field imaging



Two images with slight defocus

Computational light field imaging



Generalized Phase
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Generalized Phase



Generalized Phase



“Zero-moment” condition



Imaging System



Imaging System



Imaging System



Proc. of SPIE Vol. 9718 97180A-1

Proc. of SPIE Vol. 9718 97180A-1



JOSA A 35, 8 (2018)



Coherent Limit



Tradeoff between resolution and contrast

Microscope based on Köhler Illumination:  6f system

2eff obj ill objNA NA NA NA= +  Incoherent limit
Partially coherent 

diffraction limit



Tradeoff between resolution and contrast
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Partially coherent imaging



Tradeoff between resolution and contrast
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TIE imaging resolution << incoherent diffraction limit (2NAobj)
How to realize high-resolution TIE imaging?



Transport of intensity equation ?



Imaging System !



Illumination Engineering



Annular-illumination TIE

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

Annular-illumination provides high phase contrast over board frequency range (~ 2NAobj)
Enhance phase contrast at both low and high frequencies

C. Zuo, J. Sun, J. Li et.al., Scientific Reports 7, 7654, (2017).



JOSA A

35, 11 (2018)



Annular-illumination TIE



Annular-illumination TIE

Experimental setup:  1.4 NAill + 1.4 NAobj 100X MO

C. Zuo, J. Sun, J. Li et.al., Scientific Reports 7, 7654, (2017).



Annular-illumination TIE

NAeff = 2.66 (1.4 NAill + 1.4 NAobj 100X MO)

208 nm lateral resolution

3 images only without synthetic aperture 

C. Zuo, J. Sun, J. Li et.al., Scientific Reports 7, 7654, (2017).



C. Zuo, J. Sun, J. Li et.al., Scientific Reports (2017).



C. Zuo, J. Sun, J. Li et.al., Scientific Reports 7, 7654, (2017).



Annular-illumination TIE

NAeff = 0.72 (0.4 NAill + 0.4 NAobj 20X MO)

659 nm lateral resolution







J Li, C. Zuo et. al. Biomedical Optics Express 8 (10), 4687-4705



Best?

Yes!



J Li, C. Zuo et. al. Biomedical Optics Express 8 (10), 4687-4705, (2017)



3D phase imaging ?



QPI vs ODT（optical diffraction tomography）

ODT: true 3D refractive index

J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)

QPI: 2.5D optical path length

Profile Volume
C. Zuo, et. al. , Opt Express, 21 24060-24075 (2013) .



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem 
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Free-space: semi-sphere in 3D Fourier space

E Wolf.  Opt. Commun. 1, 153–156 (1969).



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem for a limit-aperture system 

Microscopic imaging:  partial spherical cap bounded by the lens aperture
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3D phase imaging ?



Coherent / partially coherent ODT



Lensless TIE microscopy
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C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

Lensless TIE microscope



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

Digital refocusing



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).
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Computed tomography (CT)

http://www.merckmanuals.com/home/special-subjects/common-imaging-tests/computed-tomography-ct



Lensless TIE microscopy

C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).
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C. Zuo, J. Sun, J. Zhang, Y. Hu, and Q. Chen, Optics Express 23, 14314-14328 (2015).

The uterus of Parascaris equorum

Lensless TIE tomography





Partially coherent ODT



Partially coherent 3D imaging



Partially coherent 3D imaging



J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)
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Transport-of-intensity diffraction tomography (TIDT)



Annular-illumination ODT

3D rendering of Pandorina

1.4 NAill + 1.4 NAobj 100X MO;  Lateral resolution 200nm; axial resolution 650 nm.

J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)



Annular-illumination ODT

3D rendering of Hela cell

1.4 NAill + 1.4 NAobj 100X MO;  Lateral resolution 200nm; axial resolution 650 nm.

J Li, et. al.  Biomed. Opt. Express 9, 2526-2542 (2018)



Transport of intensity equation



For further details, please refer to:

Transport of intensity equation: a tutorial
C Zuo, J Li, J Sun, Y Fan, J Zhang, L Lu, R Zhang, B Wang, L Huang, Q Chen

Optics and Lasers in Engineering, 106187, 2020



Computational imaging





Computational imaging



Thank you

Thank you
zuochao@njust.edu.cn


