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The significance of phase

intensity image phase-contrast image attenuation image
(human breast cancer specimen)

(E. D. Pisano et al., Radiology 214, 2000)

(F. Zernike, Science 121, 1955)

Refractive index Density

temperature

:> P X pressure

humidity



Phase Imaging

® Non-quantitative e Quantitative
(phase contrast) (brightness « OPL)

not quantifiable

OPL = optical path length



Phase Retrleval

® |nterferometric
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Woavefront Sensing
(Shack-Hartman)

incoming
coherent
wave

lens array back focal cofmputteld
plane sensor ~ Wavelront siope

(phase profile)



Captured Image

® spot location — slope
estimate

® wavefront sensing
approach
throws away fringe info

® light field imaging
approach
assumes fringes are
extra rays

® can we do better?

Z. Zhang and G. Barbastathis, Focus on Microscopy 2014, paper MO-AFI|-PAR-D
Sydney, Australia



Factored Form Descent (FFD)

Zhang et al Opt. Express 21:5759 (2013)

output intensity
-> input field

» coherence retrieval

measured predicted
intensity  intensity

waming 3 v, )~ CHROCIRD)

m=1

input field
X

coherence modes

X=(x1 X2 ... Xpy)

\

lens array

(purely coherent) M =1 = phase retrieval



Single image not sufficient...

\

| ® each lens separately focuses

Q

mput ﬁeld :
e ® phase relationship between
: A and B can be obtained

® Jow spatial frequency —
no overlap (crosstalk)

® phase relationship between
A and C cannot be obtained



Fix with multiple images

lens array lens array
positions positions
(1D) (2D)




Experimental Geometry
(not to scale)

LED ion,

540 n filter,
ape ield
fully down
Thorlabs
WFS150-7AR
25 micron : 4}2? nﬁcron pFCT
) - . .65 micron pixels

specimen




Experiment: 50ym bead

Polysterene in
ethylene glycol
Five images:

four shifts

one background

for subtraction
repeated |6 times for
noise statistics
Reconstruction using

rank-constrained FFD




Experiment: 50um bead

reconstruction (scalebar = 10 microns in specimen)

amplitude

Z. Zhang and G. Barbastathis, Focus on Microscopy 2014, paper MO-AFI-PAR-D
Sydney, Australia



Experiment: cheek cells

reconstruction (scalebar = 10 microns in specimen)

in . —h

amplitude . pase

Z.Zhang and G. Barbastathis, Focus on Microscopy 2014, paper MO-AFI|-PAR-D
Sydney, Australia
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Phase-space Wavefrent Sensing
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Partially coherent light
Random field U(x)

Correlation function (mutual intensity)

J(x,x") = (U(x)U"(x'))

Young’s two-slit
experiment

B.]J.Thompson and E. Wolf, J. Opt. Soc. Am.,47:895, 1957.



The mutual intensity

J(x,x') = (U)U"(x))

Sensed Field

- i

Focal Plane Array (CCD)

D. L. Marks, R.A. Stack, and D. Brady, Appl. Opt. 38:1332, 1999



The mutual intensity

J(x,x') = ({Ux)U"(x))
completely characterizes the (quasi-monochromatic)

partially coherent field,

in particular, the Optical Path Length (OPL);
J. C. Petruccelli, L. Tian, and G. Barbastathis, Opt. Express 21:14430,2013

is analogous to the density matrix in quantum mechanics;
is semi-positive definite (eigenvalues>0);
is a 4-dimensional quantity;

but does it contain 4D information?
J- Rosen and A.Yariv, Opt. Lett. 21:101 1, 1996
J. Rosen and A.Yariv, Opt. Lett. 21:1803, 1996
D. L. Marks, R.A. Stack, and D. Brady, Appl. Opt. 38:1332, 1999



Eugene Paul Wigner

1902 Budapest, Hungary -
1995 Princeton, New Jersey
1927 symmetries in quantum mechanics
1932 “On the quantum correction for
thermodynamic equilibrium”
1960 “The unreasonable effectiveness of
mathematics in the natural sciences”

1963 Nobel prize in Physics

W(:c,u):/w(a?—k%/) " @-%)

exp (—i2ruz’) dz’

http://en.wikipedia.org/wiki/E._P._Wigner



The Phase Space

®  Wigner distribution function

W (z,u) /w (x - ) (:c — 5) exp (—i2muzx’) dz’
<.” >

X

/ /
W(z,u) = /J (a:‘ + %,az — 5) exp (—i2mwuzx’) dz’
F:c o

/
U<

® Ambiguity function

X

/ /
A(u' 2" = /J (az + %,x - 5) exp (—i2wu'z) dz

® Bytheway, W(x,u) is real



Phase space (Wigner space)

Temporal frequency

Spherical wave Chirp function Phase space description

X

“""'} (Wigner distribution function, WdF)

space variable x space variable x

"o 2 4

Local spatial frequency u




point source

lateral momentum
position (spatial frequency) 4 u

—_——— —

lateral
L X position
axial
position
X-Z space Wigner space

(x-u space)



spherical wave

AX AU
1> g
Z
X-Z space Wigner space
(x-u space)

WDF shears/rotates upon propagation



boxcar (“rect”) function: ID slit

E ;
A X

integrate WDF along frequency axis

TTTTIYYTYR.

integrate WDF along space axis

> original function



diffraction from a rectangular slit aperture




momentum

Example: waveguide (

waveguide lens free space

100 150 50 50 100 150 200 250
y y

position position

3rd mode) + lens

0
y (um)

100 150 200 250 50 150 200
y y

position position

250
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Wavefunction evolution
and the WDF

time evolution ¢

propagation distance 2 ( Fresnel )

g propagation




Tomographic measurement
from evolution/propagation

time evolution ¢

\4

> measurement (quantum demolition)

propagation distance : Fresnel
propagation
T




Phase-space tomography

partially camera
coherent (intensity
field measurement)

(unknown)



Phase-space tomography

Mutual Intensity
function

X2 Wigner Distribution u

Wigner function

—

Xl

J (x1,%2) Wi (%, u)



Phase-space tomography

Wigner Distribution u Ambiguity AX
function Fou r'ler' function
X
=y

W (x, u) A (Ax, Au)



Quantum phase space tomography

Squeezed state recovery Matter wave interference

Atom
5 um 8um/ 1 um detector

Optical Homodyne Tomography

OPA PBS1 PBS2

Source

s>

_J\T 1

Tomographic

measurement Tomographic reconstruction

reconstruction

(b)

C. Kurtsiefer, and et al, Nature, 1997
J. Itatanl, and et al, Nature, 2000

D. Smithey, and et al, Phys. Rev. Lett. 1993



Optical phase space tomography

® Non-interferometric technique

Spatial coherence measurements of a |D soft x-ray beam

Axial intensity measurement Reconstructed WDF Reconstructed Ml

‘=
—
-

=
—

—
z
>

X (um)

C.Q.Tran,and et al, JOSA A 22, 1691-1700(2005)



The problem of limited data

Az T
) measurement
inaccessible / range
2 <0 vy

Assume intensity symmetric about z=0
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Numerical example: 3 spikes

Orriginal signal with 3 spikes (total length=64) DFT measurements (# of samples=12)

O DFT
® samples

Comepressive (L1) reconstruction




Why LI?

Least squares solution

[ (minimizes L2 on the line)
NOT Sparse




Why LI?

Compressive solution
(minimizes LI on the line)

Sparse

Generally, of the form
(0,...,0,¢,0,...,0)



Reconstruction success is subject to
sparsity
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Fig.2. Recoveryexperiment for \' = 512. (a) The image intensity represents the percentage of the time solving ( /1 ) recovered the signal [ exactly as a function
of |{2| (vertical axis) and |1'|/|{?| (horizontal axis): in white regions, the signal is recovered approximately 100% of the time, in black regions, the signal is never
recovered. For each | 1], |{2| pair, 100 experiments were run. (b) Cross section of the image in (a) at |{2| = G4. We can see that we have perfect recovery with very

high probability for |17| < 16.

E. Candés, . Romberg, and T. Tao, IEEE Trans. Info. Th. 52:489, 2006



Exprerimental compressive
phase-space tomography

Slit Lens |D object
) detector
LED —
> > : >
f ="T75mm f Scanning z

lllumination central wavelength: 620nm;
bandwith: 20nm 0.035

Width of illumination slit: 300pum
® Coherence length: 93um
Width of object slit: 400um

32 measurements (axial positions) 0.005

Lei Tian et al, Opt. Expr. 20(8):8296, 2012 000 200 00§
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Limited data in our experiment

AmT

too ¢1 measurement

close

\ f
o
¥ i

/ range

too

* Total # of slices: 32
e Missing angle ¢;:38°
* Missing angle @9:22°

Y RN
o Ry
y ~ e <& N
A3 ® .
% "
g D\ e ¥ ¢ 2
A g B
A -
A

far A



Ground Truth

lllumination Slit

Intensity

-1000 -500 0 500 1000 1500
x(uwm)

van Cittert-Zernike theorem

LED J-
- T Imaging system

Global Degree of Coherence

u=0.49



Filtered back-projection fails




Compressive reconstruction




Error in compressive reconstruction
(compared to Van Cittert-Zernike)

Error around the edge
due to resolution limit of
the imaging system




Estimate of the coherent modes

Coherent modes

Eigenvalue




Validation: vCZ theorem

02!

B Difference between
o 0061 T CS and vCZ eigenvalue estimates
005 —
0.2 9
;Emom—
T
-
5 0.03
7 o I
< o
0.02} ¢ ~
0.01 [ T :
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4D phase space tomography:

300pm astigmatic imaging
640Um
Bl | 7 100pm ‘ cylindrical  cylindrical
lens lens
(along x) (along y)
“coherence” object camera
aperture
o () .
diffuser
collimating
lens

central wavelength: 620nm

bandwidth: 20nm linear stage linear stage

L.Tian, S. Rehman, and G. Barbastathis, in Frontiers in Optics 2012, paper FM4C.4.
M. Raymer, M. Beck and D. McAlister, Phys.Rev.Lett. 1994
D. Marks, R. Stack and D. Brady, Opt. Lett. 2000



“Mlssmg slices” in Ambiguity space

|
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tl -'v'ﬁ

Inaccessible
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Inaccessible |
|

Inaccessible
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Inaccessible

e Dimension of unknown mutual intensity: 64*

e Total # of samples: 64%(# of samples in each image)*20(# of planes in a focal

stack) X | 2(# of focal stack)



eigenvalues

o
w

Theoretical Prediction

o
(M)
[3))

o
(S

300um _ 640pum

©
=
©
>
c
©
2
]

o
—_
)]

o
- ’g VCZ theorem

coherence
aperture

0 1D R

......

, - . . .
i horizontal direction has more modal
N structure due to lower coherence
i IS
X2 . s
TEREREOOOOCEN
LTRERRAOOOOOR

LTREAOSOO

nmEAOOSO

—TmEmEAaOS SO0

! "TREROOO 0O

Al _EEEOC
- LIS

coherent
X1 modes

L. Tian, S. Rehman, and G. Barbastathis, in Frontiers in Optics 2012, paper FM4Q



Compressive Reconstruction

Mutual intensity

o
w

reEeRenn
A L L L LLY
LA L L LLL LN

o
N
(3}

o
N

)
=
©
>
c
]
Re
LLl

o
—
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X2

R rrrl
Ryl il
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X1

L. Tian, S. Rehman, and G. Barbastathis,
Frontiers in Optics 2012, paper FM4C.4.
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Why X-ray phase imaging?

J

U 2 - 1E-4

20 25
X-ray photon energy (keV)
http://www. tv.ir/detail/20692 1 .html . :
e P pres el m refractive index of water (n=1-0-15)
-ray not good for lung cancer screening
®

X-ray absorption images do NOT provide good
contrast for soft tissues

Call for alternative contrast mechanism
w X-ray PHASE imaging


http://www.presstv.ir/detail/206921.html

TIE for x-rays?

Coherent!?
= synchrotron

Imaging
Cell filled detector
~ with water

Object
Incoherent J

X-ray source

x-ray interferometer (Nat. Med. 2, 473-475) Tall?ot interfe.rometer (Na.t. Phys.2,256-261)
extremely sensitive to mech. stability & alignment requires 3 gratings & complicated measurement




Transport of Intensity (TIE)

X-ray source
(with small spot size)

object x-ray detector

2

N
>

ol
k== = V- (IVx®) ° Image.s corrected for lateral
magnification

ot ® Attenuation neglected
~ k(1(z) 1) ~ V26 ® Long propagation distance
x (short wavelength)
= two instead of four measurements




Rad-icon
CMOS camera
48um pixel size

2000x%2000 pixels

Andor EM CCD with

scintillator by RMD
16um pixel size M
512x512 pixels

? stage

Experimental geometry

object on
rotation

3 “\ .

ki b ,,‘,«.«r.w-

Z]

\GV‘ Hamamatsu

micro-focus source
@5um spot size
operated at 20kVp

k.

{ (A=0.06nm)

Experimental arrangement
at RMD, Inc.,Watertown,
Mass.

Three experiments:

®  Polystyrene spheres on
flat tape (Andor
camera)

®  Polystyrene spheres
taped onto drinking
straw (Andor camera)

®  Beetle (Andor camera)



X-ray phase tomography: beetle

intensity
measurements




Phase projections

Phase
projections
obtained by
inverting the

intensity
images using
TIE at each
angle




Filtered backprojection:
reconstructed cross-sections

“phase CAT scan”

Total projections: 72 (every 5 degrees)



TIE tomography in the Fourier domain

A Uy

® Low frequencies

[ TIE transfer function = cloud-like
artifacts

®  High frequencies:
®  missing Fourier slices = streaking

® finite source size = blurring

T




Compressive reconstruction:
total variation

minimize % Hg — F_lHTIEHproj]'—nHQ + 7In||Tv

/ A

data fitting term sparsity constraint

Total variation (TV) function:

Inlrv =3 \/(Van)? + (Vyn)? + (V.n)?

® project the solution onto the gradient basis with few nonzero
coefficients (which represents sharp boundaries)

® ook for piecewise constant refractive index distribution



Compressive x-ray phase tomography

traditional reconstruction

S
0]
—.‘
=
o
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<
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5
(a1
[¢)
X

TV reconstruction




TV reconstruction




This talk was about

Phase

Axial stacks with partially coherent illumination
[Petruccelli Opt. Exp. 21:14430]

TIE Phase from chromatic dispersion [Waller Opt. Exp. 18:2287]
TIE Kalman filter [Waller Opt. Exp. 19:2805]

Phase space

Wigner distribution function from lenslet arrays
[Tian Opt. Exp.21:1051 1]

Phase from lens let arrays [Zhang FOM 2014, Sydney, Australia]

Phase space tomography

Compressive reconstruction of the mutual intensity
[Tian Opt. Exp. 20:8296]

Factored Form Descent [Zhang Opt. Exp. 21:5756]

Comepressive phase tomography

TIE Compressive x-ray tomography [Tian Opt. Lett. 38:3418]
Nonlinear diffusion [Tian Opt. Lett. 37:4131]



