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Computational microscopy
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Phase of a object
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Phase contrast microscopy

Condenser Objective Diffracted Light
q (Red)

Light

Incident ) ’ . ‘
(Yellow) ’

Condenser
Annulus

Sample

"O‘verlay



Phase imaging
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Phase imaging

Phase imaging
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How does wave propagate?

Non-planar phase changes the intensity during wave propagation
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[IT M. Reed Teague, J. Opt. Soc. Am. 73, 1434-1441 (1983) .



Transport-of-intensity equation (TIE)
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[IT M. Reed Teague, ]. Opt. Soc. Am. 73, 1434-1441 (1983) .
[2] C. Zuo, Q. Chen, Y. Yu, and A. Asundi, Optics Express 21, 5346-5362 (2013).

[3] C. Zuo, Q. Chen, and A. Asundi, Optics Express 22, 9220-9244 (2014).

[4] C. Zuo, Q. Chen, H. Li, W. Qu, and A. Asundi Optics Express 22, 18310-18324 (2014).




Dynamic TIE microscopy

Use d'Biomager with any light microscope

C. Zuo, Q. Chen, W. Qu, A. Asundi, Optics Express, 2| (2013) 24060-24075.



Dynamic TIE microscopy
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Dynamic TIE microscopy
Single-shot quantitative phase microscopy (SQPM)
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Dynamic TIE microscopy Phase[rad]

Elapsed Time: 0 s
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C. Zuo, Q. Chen, W. Qu, A. Asundi, Optics Letters, 38 (2013) 3538-3541.



Transport of intensity equation

2000-2008

Applications to TEM and neutron,
and atom imaging [163-173]

2010-2015
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Transport of intensity equation

1 (x, 2 |
— kd Si ) =V - |I(x,2)Vo (x)
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Coherent TIE

Methods Approximation conditions Phase reconstruction algorithms

Paraxial approximation
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TIE Fourier solution:
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Ar =0 £ =0 is a small constant.

Coherent illumination, ideal imaging?
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Coherent Imaging System
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Coherent Limit
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Coherence in a microscope




Coherent Limit
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Resolution improvement in DHM

Superresolution digital holographic microscopy
for three-dimensional samples
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Fig. 3. Schematic chart of the used methodology used where the images depicted in the chart
correspond with experimental results obtained with the proposed approach.
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Coherence in a microscope
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Transport of intensity equation 7

1 (x, 2 |
— kd Si ) =V - |I(x,2)Vo (x)



Effect of partially coherent illumination
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Transport of intensity equation 7

1 (x, 2 |
— kd Si ) =V - |I(x,2)Vo (x)



Generalized transport of intensity equation
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Generalized transport of intensity equation
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Transport of intensity equation
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Generalized Phase
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Light field ~ Wigner distribution

L(x,0) ~ W (x,Au

Z. Zhang and M. Levoy, “Wigner distributions and how they A. Walther, “Radiometry and coherence,” J. Opt. Soc. Am.

relate to the light field,” in “2009 IEEE International Con- 58, 1256-1259 (1968).
ference on Computational Photography (ICCP),” (2009), pp. A. Walther, “Radiometry and coherence,” J. Opt. Soc. Am.

1-10. 58, 1256-1259 (1973).



Computational light field imaging
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Computational light field imaging
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Generalized Phase
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Generalized Phase
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Generalized Phase
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“Zero-moment’ condition
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Imaging System
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Imaging System
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Invited Paper

Proc. of SPIE Vol. 9718 97180A4-1

6. THE IMAGE IN PHASE SPACE

This approach can be extended to consider the partial coherence of the image itself. In particular, we can consider the
mufual intensity, WDF or ambiguity function of the image. It is important to note that ¥ is not a WDF. and nof the
WDF of the image. The phase space representations of the image have relevance to phase reconstruction methods such
as phase space tomography. or the transport of intensity equation approach, and to the 3D image properties.

In phase space tomography. knowledge of the mutual intensity of a wave field in 3D can be used to reconstruct the wave
field. including its phase and the correlation coefficient [33-38].

It is interesting to note that Hopkins calculated the image intensity in a partially coherent microscope by propagating the

mutual intensity through the system, but did not give an expression for the mutual intensity of the image [23]. The
mutual intensity of the image is [39]

Jx,x,)= [[[ Pm, + €)P" (m, + ©)SE)T (m, )T (m, exp{i27{(m, +&)-x, — (m, + £)-x,1}dm, dm, d &,
[39] Zuo. C.. Chen. Q.. Tian, L., Waller. L. and Asundi. A. "Transport of intensity phase refrieval and

computational imaging for partially coherent fields: The phase space perspective.” Optics and Lasers in
Engineering 71. 20-32 (2015).
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taken into account [12-14]. Significant advances have been
made in describing partially coherent fields with phase space
distributions [15]. However, only a few papers have addressed
the question of what torward model to use tor elegantly captur-
ing the properties of partially coherent imaging [16-18]. Even

16. S. B. Mehta and C. J. R. Sheppard, “Phase-space representation of
partially-coherent imaging systems using the Cohen class distribu-
tion,” Opt. Lett. 35, 348-350 (2010).

17. S. B. Mehta and C. J. R. Sheppard, “Using the phase-space imager to
analyze partially coherent imaging systems: bright-field, phase con-
trast, differential interference contrast, differential phase contrast,
and spiral phase contrast,” J. Mod. Opt. 57, 718-739 (2010).

18. C. Zuo, Q. Chen, L. Tian, L. Waller, and A. Asundi, “Transport of
intensity phase retrieval and computational imaging for partially coher-
ent fields: the phase space perspective,” Opt. Lasers Eng. 71, 20-32
(2015).



Coherent Limit




Tradeoff between resolution and contrast

Aperture o

Siaphranm C”'ﬂdenser Sample Objective Objective Tubelens  Image

(Source) o Pupil Plane
p i \

P(u)/ h(x) I(x)
Microscope based on Kohler lllumination: 6éf system

Partially coherent NA . =NA .+ NA. <2NA ..
diffraction limit ¢ff obj i oj Incoherent limit



Tradeoff between resolution and contrast

Raw phase image Diffraction limited (2NAobj)

\'/ 1 [ 0.3
y . %11, 0.25
-\_\\V/’ — -... “ 02

0.1
0.05

Test Object

ondenser




TCC(u,,, Uy, U, Uy )

Light
Source [ ] (u,,,u.,)

Partially coherent imaging

WOTF (u) = TCC (u,0) =

P(u')P(u +u)

Az (—/ 122w’ 2 44/1- )\2|u—|—u"|2)d

€ u

C.]. R. SHEPPARD and A, CHOUDHURY On the diffraction theory of optical images
Image formation in the scanning microscope By 1. 1. Horgxs
OPTICA ACTA, 1977, voL. 24, ~o. 10, 1051-1073 Proc. R. Soc. Lond. A 217, 408 (1953)



Infocus
z=0.5um

bk OPTICS LETTERS / Vol. 38, No. 18/ September 15, 2013

Noninterferometric single-shot quantitative
phase microscopy

Chao Zuo,* Qian Chen” Weijuan Qu” and Anand Asundi®

*Jiangsu Key Laboratory of Spectral Imaging & Intelligence Sense, Nanjing University of Science and Technology,
MNanj,

fiangsu Provinoe 210094, China
*Centre for Optical and Laser E

{ of Mechanical and Aerospace Engineening,

Nanyarg Te 639708

'Centre for Applied Photonics and Laser Techna

535 Clementi Road, Singapore 559489
“Carrespondin

(S = NA ona/NApj). Conventionally, high-resolution op-
tical microscopy depends on the numerical aperture of
the condenser being comparable to that of the objective
(S = 0.7 ~ 0.8). For TIE phase measurements, the results
are largely independent of the condenser setting (espe-
cially for the low spatial frequency components) [15].
However, in the SQPM,_we _prefer to narrow_down_the
condenser aperture a bit (§ = 0.3 ~0.4) to ensure a cer-
tain level of spatial coherence. This allows a larger depth
of field, higher phase conftrast on defocus, and, more im-
portantly, a wider linear spatial frequency response
range for TIE phase refrieval [15,16].
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tor equally spaced planes whereas a recent study has shown ex-
ponentially spaced planes to be a more efficient sampling scheme
[69]. In any case, partially coherent TIE methods result in high
spatial frequency attenuation as the condenser numerical aperture
(NA) is increased [70]. Lhis results in blurry phase reconstruc-
tons with lower spatial resolution.
FWHM). The level of partal spatial coherence is determined
by NA. = 0.375, which has been set using a condenser
J(Olympus U-POC-2) aperture diaphragm. Because we have
not encountered any need for regularization, a is set to zero
and the resulting radially varying partially coherent POTFs
and optimized weighting functions are plotted in Fig. 3.
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! For quantitative phase imaging (QPI) based on transport-of-intensity equation (TIE), partially coherent
: illumination provides speckle-free imaging, compatibility with brightfield microscopy, and transverse

. resolution beyond coherent diffraction limit. Unfortunately, in a conventional microscope with circular
! illumination a perture, partial coherence tends to diminish the phase contrast, exacerbating the
inherent noise-to-resolution tradeoff in TIE imaging, resulting in strong low-frequency artifacts and

: comp ised imaging lution. Here, we d rate how these issues can be effectively addressed
by replacing the conventional circular illumination aperture with an annular one. The matched annular
illumination not only strongly boosts the phase contrast for low spatial freguencies, but significantly

. improves the practical imaging resolution to near the incoherent diffraction limit. By incorporating

i h igh-numerical aperture (NA) illumination as well as high-NA objective, it is shown, for the first time,

: thatTIE phase imaging can achieve a transverse resolution up to 208 nm, corresponding to an effective
© NAof 2.66_Time-lapse imaging of in witro Hela cells revealing cellular morphology and subcellular
dynamics during cells mitosis and apoptosisis ified. Given its ility for high i

0PI as well as the compatibility with widely available brightfield microscopy hardware, the proposed
approach is expected to be adopted by the wider biology and medicine community.
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Interestingly, for § = 1, Cg(/) is very close to linear over its
whole non-zero domain, so this is a good arrangement for per-

forming TIE, but the scaling of the phase would need to be

calibrated. We find that
-2 m2-8 7t -12
— |/ 2 B4
() () ()
(53)

=-0.637 4+ 0.797/ 4+ 0.015/7 - 0.0036/° + ....

circular source for § = 0.613. In each case the maximum val-
ues have been normalized to unity. It is seen that the annular

source has a broader spatial frequency response. An interesting
and important feature is that the parabolic region for low spatial
frequencies for the circular case vanishes for the annular case,

2
Coglh) = *;Jr

so that low spatial frequencies are imaged more efficiently. The
imaginary part of the WO'TF for different values of defocus has
been presented by Zuo et al. [40].

In fact, using an annular source for the TIE has been proposed
by Zuo er al. [40].
40. C. Zuo, J. Sun, J. Li, J. Zhang, A. Asundi, and Q. Chen, “High-

resolution transport-of-intensity quantitative phase microscopy with
annular illumination,” Sci. Rep. 7, 7654 (2017).
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NA.-= 2.66 (1.4 NA, + 1.4 NA_, 100X MO)

208 NnM lateral resolution
3 images only without synthetic aperture

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




Long-term time-lapse imaging of HelLa cell dividing in culture (60 h)
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Long-term time-lapse imaging of HelLa cell dividing in culture (60 h)
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Multi-modal computational imaging of HelLa cell apoptosis
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QPI vs ODT (optical diffraction tomography)

QPI: 2.5 optical path length ODT: true 2D refractive index

Profile Volume

C. Zuo, et. al., Opt Express, 21 24060-24075 (2013) . J Li, et. al. Biomed. Opt. Express 9, 2526-2542 (2018)



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem

3D real space 3D Fourier space

Free-space: in 3D Fe

EWolf. Opt. Commun. I, 153—156 (1969).



Transport-of-intensity diffraction tomography (TIDT)

Fourier diffraction theorem for a limit-aperture system

3D real space 3D Fourier space

Microscopic imaging: bounded by the lens aperture

EWolf. Opt. Commun. I, 153—156 (1969).



3D phase imaging ?

Coherent imaging (including holography)
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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 microscopy
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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).



Lensless TIE microscopy

0
Quantitative phase of cheek cells (entire FOV 24mm?)

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

The uterus of Parascaris equorum
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Partially coherent 3D imaging
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Annular-illumination ODT

3D rendering of Pandorina

|.4 NAill + 1.4 NAobj 100X MO; Lateral resolution 200nm; axial resolution 650 nm.
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