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OUTLINE

+ Introduction — X-ray imaging
+ Conventional X-ray absorption imaging & tomograph
X-ray phase imaging & tomography

\ + Advantage of using X-ray phase information

+ Examples of X-ray phase imaging techniques
+ Interferometric method
+ Propagation-based method
+ Analyzer-based methods

o X- -ray microscopy
+ Optics for X-ray microscopy

+ Examples of X-ray microscopies
+ X-ray imaging microscopy
+ Scanning transmission X-ray microscopy
+ X-ray diffraction microscopy (coherent diffractive imaging)

¢ Summary
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A wide range of science & technology,
uch as

'Material science
Environmental science
Biology ’
Medicine
»Archaeology

» palaeontology
»Industrial technology
> ...

Anne Sakdinawat &David Attwood, Nature Photonics 4 (ZOQ



X-ray transmission imaaging M

Discovery of X-rays ( Nov 1895 by Wilhelm Conrad Rontgen )




> A technique referring to imaging by sections or sectioning,
through the use of any kind of penetrating wave.

»Invented by Godfrey Hounsfield & Allan Cormack.

3D structure

Capacitor

detector
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Airport X-ray scanner

Mail screening .




Toward High-sensitive X-ravy ImaM
— X-ray Phase Imaging
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Complex refractive index “
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Relation between refractive index &
atomic scattering factor

) : :
v, . N,: atomic density

o ZNk(Zk +fk) Z,: atomic number

P : f;: read part of anomalous
- _Z N, p, [pk =r /1( Z +f! )] s’c’a.tt.ermg. factor

27 T /7y 1maginary part of
anomalous scattering factor

5=

ﬂ_ﬁZN "
o & Kk

A: wavelength
r,: classical electron radius

:ﬁ;N"ﬂ’f ~10-6
l-0+if
~10—9

Atomic interaction cross sections of absorption («¢,) and phase
shift (p,) are responsible for the difference in image contrast.,,
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Atomic number dependence of
Interaction cross section of atom
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Imaging using
phase shift of hard
X-rays has much
higher sensitivity to
materials consisting
of light elements!




X-ray phase imaging M

vs. X-ray absorption imaging

An example of a 1mm-thick slice of rat’s cerebellum

(X-ray wavelength:1A (12.4keV))
CA Absorption image

|

Image obtained by using a X-ray crystal interferometer

(
.

A. Momose & J. Fukuda, Med. Phys‘



rabbit liver rat kidney
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How X-ray phase shift is converted to
intensity modulation”?

Phase information is lost by simple intensity measurement

*interference

(({ m

+Fresnel diffraction

*refraction
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|
Tow-beam interferomrory \

X-ray Interferometer
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Principle of X-ray Phase Tomography —
Obtaining a Fringe Image

2

I=%¥Y +¥
A+ Bcos|8(ox ) + A(x, )]




Principle of X-ray Phase Tomography
— Fringe Scanning Method
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Principle of X-ray Phase Tomography
— Unwapping

M
D+A= arg{z I, exp(— 2ni£

k=1

— tan =
I, -1

1

Phase unwrapping

Position Position Unwrapped phase map







Intensity generated downstreM

-

of objects (simulation)

Ideal absorber
red: zero transmission)

ure phase object
blue: phase shift )

Sample

Detector

| mm

Contact Near Field

Far Field

J. Als-Nielsen & D. McMorrow, “Elements of Modern X-ray Physics”, 2nd ed. (2011).



Spatial coherence &
van Cittert-Zernike theorem

Perfect (spatially) coherent beam Partially coherent beam

| .
spatial coherence
||| Refractor 1Y ength: £

L ~/(2rA0)
Observation

l point

o

Source A@: angular diameter
Wavefront of source at the
observation point
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Analyzer-based method
with crystai w

Collimator crystal



How about detecting beam deflection
caused by refraction”?

refractive index: 1 — ¢ O~ 10

Days Inn Hotel
@Amman

Direct detection of X-ray beam
deflection is not easy!
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Analyzer-based method
with transmission gratings
\ Talbot Interferometry
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X-rav Talbot interferometer

Gratings

Image ;=
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How to obtain phase image and tomog“

Differential phase map
(wrapped)

Phase map

‘ Differential phase map
(unwrapped)



Three imaqges obtained by X-ray Talbot
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Advantages of X-ray Talbot interferonm

a
-

¢ Setup is simple. |
Large area (100 mmx100 mm) imaging is possible} |
@&\ Wide energy band width is available. ‘
Spherical wave is available.

Wide working space can be used for the sample.

Using compact SN WIS By eear Combining X-ray lens

radiation source |

laboratory source |

l

Medical application

X-ray imaging

el EpEst microscopy

imaging/tomography
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Microfocus X-ray tube ( focus ~8 um)
W target : 50kV, 120 A »
\ Exposure : 100 min. rarmematsu Photonics

10 mm_ Differential
—— phase.

Attenuation™

X observed in wate

q
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High-speed X-rayv phase imagz |
with white synchrotron beam

X-ray grating
283 mm

| Photon Factory, BL14C1 5.3 um4

| SPring-8, BL28B2

White
synchrotron beam

Pitch: 5.3 um Pitch: 5.3 um
~m/2 grating for 25 keV 30 um height



4DCT

4DCT (irradiation effect)
Sample: glue (Scotch (3M))

3mm

Just after exposure 2 sec

4 sec 6 sec




X-ray microscopy — image forming mM

Optical systems for Image-forming Signals

»Imaging microscopy

. Fluorescent X-rays Diffraction-
Detector % Scattering

Scanning microscopy Focused
X-rays

Detector ::
Lens

Sample _ —
Photoemission Transmission
> Diffraction microscopy [ Absorption
etector Phase-shift
Spatially-coherent Polarization

X-rays

S.Aoki. &t 23 (2010).

.

Sample

Beam stop



X-ray microscopy — optics M

X-ray focusing devices

+ Diffraction e.g, Fresnel zone plate (FzP)

+ Reflection e.g. Kerkpatrick-Baez (KB) mirror

=




Recent progress in X-ray focusing devices

X-ray optics

Focus size, focal

(]

Figures from &t E L\7 2
(AXRETEFE = (2008).

Range of

Diffrac Fresnel zone
tion plate (FZP)
Type
Sputter-
Slice FZP
_____ = Bragg
FZP
~ Multi-layer
Laue lens
Refrac Refractive lens
tion (pressing)
Type
Refractive lens
(etching)
Rt?élﬁc Kirkpatrick-Baez
Type (KB) mirror

Wolter mirror

———{===<-- Wave guide

30 nm, f =80 mm
(8keV, 2005)

300 nm, f =220 mm
(12.4 keV, 2002)

2.4 pm, f =700 mm
(13.3 keV, 1999)

13 nm, f=1.6 mm
(20 keV, 2010)

1.6 um, f=1.3m
(15 keV, 1999)

47 x55 nm2, f = 10 mm
(21 keV, 2006)

7 nm (1D), 11x14 nm?
(2D), f=75 mm
(20 keV, 2010)

700 nm, f = 350 mm
(9 keV, 2001)

33%x69 nm?
(12.8 keV, 2002)

Soft X-rays  Small
Hard X-rays
8-100 keV Small
Hard X-rays  Small
Hard X-rays Large
Hard X-rays  Small
Hard X-rays  Small
Soft X-rays  Large
Hard X-rays

<10 keV Small
Soft X-rays  Large
Hard X-rays

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

Aberration

Small

Large

Small

Small

Large

Small

Small

Large

Large



Recent progress in X-ravy &
focusing technologv

10007 S R ® : Reflection type (KB Mirror)
2: O O :Reflection type (Wolter mirror)
o e X : Reflection type (Waveguide, 1D)
4@ . + : Reflection type (Waveguide, 2D)
1T A : Diffraction type (Multilayer Laue lens)
2 *********** o n ******* A Diffraction type (Fresnel zone plate)
| | B : Refraction type (Compound refractive lense)

Focus spot size (nm)
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Year



Sample
\

LZ-ernike phase-contrast X-ray microscopy!

\

Annular Pinhole

Condenser Phase Image

Objective

Aperture (50 ume) Plate
Object
Double-Crystal |} |
Undulator
Monochromator
#24XV) 7111y E=10 keV I /

_L 219cm l_zzcm 198 cm “

l_ 59.5m ‘ 7.0m

-

Talbot-type X-ray phase-difference
microscopy??

—

= . Zooming
= Tube
i\‘\\\

Beam stop ._f__Back focal plane
/ - H
X-rays/ _L_.J"Rl - 9'068 m 1L Detector
VA > R,=6.311m > Effective
Sample/ N ] pixel size: |
a=0.277m >f=0.261m “b=6.572m  4.34um

Conidium of Curvularia species

um

2
1. Y. Kagoshima et al,, Jpn. J. Appl. Phys. 40 (2001) L1190.
2. W. Yashiro et al.,, Phys. Rev. Lett. 103 (2009) 180801.
3. W. Yashiro ef al., Phys. Rev. A 82 (2010) 043822.

Siemens star chart




Scanning Transmission X-ray

Microscopv (STXM)

4
AN VT R0.60
0.55

_ foso

0.45

*1 1
Detector =3 n - -4 ¥ 0.40

0. Bunk et al,, New J. Phys. 11 (2009) 123016.

Absorption image
Differential phase image

Small angle X-ray scattering image, Dark field image
Fluorescent X-ray image

43



X-ravy Diffraction Microscopy \

Guard Slits
Pinhole N

A few nanometer spatial resolution
1maging

s
C’D ,q‘b"i%

*

Y. Nishino et al., £
Lett. 102 (2009




Phase problem in X-rav diffraction

However,
from exp. ...

X-rays

Electron density: Scattering amplitude:
p A

Fourier
Transform

Intensity : |4|?

45



Oversampling & iterative phase retrieval algM

Oversampling

a » ? | Smaller than FOV

\ | Zero (known) density around the sample’

Iterative phase retrieval algorithm

| FT l.
andom p(r) —p(I) - G(K) =|G(K)[e"™
Real-Space =» [ J @&
Sonsaints p'(r) - G'(K) = |[F(K)[e™™® Constraints
FT o

[ p . (r)= {p'" (r) (in Support)] [|F(K)| .intensity of diffracted X-fa

0 (outside) obtained experimentally




Retrieval of real space image
(simulation)




Summary

¢ X-ray transmission imaging

+ Conventional X-ray absorption imaging/tomography

+ X-ray phase imaging/tomography
+ Complex refractive index

+ Advantage of using X-ray phase information

+ Three examples of X-ray phase imaging techniques
+ Interference
+ Fresnel diffraction
+ Refraction

+ X-ray microscopy
+ Optics for X-ray microscopy

+ Three examples of X-ray microscopies
+ Imaging microscopy
+ Scanning microscopy
+ Diffraction microscopy

t
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Transmission

i Geometric optics
radiography, tomography, topography, lithography,
laminography, tomosynthesis, etc.

Wave optics

phase imaging/tomography, lithography, etc.

Scanning probe
scanning microscopy, fluorescent tomography, phase
imaging, etc.

Diffraction

coherent diffraction imaging, ptychography.

50
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interferometry i\

A

A. Momose & J. Fukuda, Med. Phys. 22 (1‘995)

Interference image 1 mm Transmission image 1mm

la: white matter
sgr: granular stratum
sm: molecular layer

Rat cerebellum ( 1mm thick )
@ 12.4 keV (PF)

Optical image 1 tom

53



Two-beam interferometry \

Blood vessels in mouse liver; blood was replaced with saline. E=17.7keV

A. Momose et al.: Oyo Butsuri 71 (2002) 1148
54



rabbit liver rat kidney

55



Analyzer-based method
with transmission gratings
\ Talbot Interferometry

*

>




Experimental arrangement is very simple.
High mechanical stability is not necessary.
A wide area imaging is possible.
Polychromatic X-rays is available (it functions with a muc
broader energy band width than in the case of using |
crystal interferometry).

Divergent X-rays is also available.

Application to medical diagnhostics



Talbot interferometer coherence length > grating pitch

5 Microfocus X-ray generator Low power
Long expo

\Talbot-Lau interferometer functions with any X-ray sources

normal focus source

—_—

multiple slit

The spacing of a multiple-slit |
is determined so that fringes I
generated by X-rays from
each slit are overlaid
constructively.

F. Pfeiffer et al., Nat. Phys. 2 (2006) 258.
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iffuser Fresnel Zone plate

-

Phase object
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@ 12.4 keV -5 x 10°rad

A. Momose et al., SPIE Proc. 6318 (2006
59



Recent progress of the X-ra
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Short time
measurement
by a normal-
focus compact
laboratory
source

: . . < _ Absorption contrast Differential Visibility \
Dlifferehife] phiess M ef image of a cher hase image contrast image \
cartilage of a chicken wing g Y P g 9

High-speed X-ray phase imaging (4DCT)

Phase-difference X-ray imaging microscopy

High-speed | | ich spato | !
image using resolution >
white and high
synchrotron sensitivity
radiation beam
Vi
5
In situ observation of glue Phase-difference image of polymer spher, (

(A. Momose and W. Yashiro et al. Opt. Exp. (W. Yashiro ef al. Phys. Rev. Left. 103
(2009), 17 (2009) 12540). (2009), 180801). 60



From Talbot Effect
To X-ray Phase Imaqging

1836 Talbot Effect (W. H. F. Talbot)

1971 Talbot Interferometry
(S. Yokozeki and T. Suzuki)
(A. W. Lohmann and D. E. Silva)

1988 Soft X-ray Talbot Effect (V. V. Aristov ef al.)
1992 Talbot-Lau Interferometry (J. F. Clauser ef al.)
1997 Hard X-ray Talbot Effect (P. Cloetens ef al))
2003 Hard X-ray Talbot Interferometry (A. Momose ef aQ
2006 Hard X-ray Talbot-Lau Interferometry (F. Pfeiffer ez
al.) |
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“ Amplitude of the wave decreases by
absorption by the object.

“ Phase of the wave shifts by the

difference in velocity of the wave in
the object

Vobj T Vo /n

n :refractive ndex

Amplitude attenuation
— absorption contrast imaging

Phase shift
— phase contrast imaging




Wavefront

| Refraction

Spatially variant phase shift bends
wavefront.

Wave propagates locally in the
direction perpendicular to

wavefront; that is, wave is
refracted.

Phase shift and refraction are
essentially the same phenomenon.




Phase Tomography x

Rabbit liver with cancer (VX2) @ SPring-8, BL20X
@12.4 keV

500 um

|
0 ) ] ; 9.0x 108
Refractive index difference 8



Phase Tomography
__Mause Tail

Refractive index difference  1-5 % 107




|
A
/||W|I A—H (spatial coherence length)

AO: angular diameter of
source at the object




4D tomography

180°rotation

Phase tomogram
at a time

Differential phase image
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Sinogram




|Amplitude|* Phase Reconstructed obje
(a) Loop 1

Oversampling & From data Random

iterative phase RN

retrieval algorithm
—An example

Partial Retrieval

Full Retrieval

voO -
J. Als-Nielsen & D. McMorrow, “Elements of Modern X-ray Physics”, 2nd ed. (2011). \-



conﬁdenhal

Retrieval of differential phase 1 1ma,q
__Fourier transform method—

Extract the st
order component

Moir¢ fringe
(carrier fringe)

A. Momose, W. Yashiro, H. Maitake, and Y. Takeda, Opt. Express 17 (200\



Principle of Tomography M
‘

V
2D Fourier transform a

:;} F{u,v)

1D Fourier
transform

p(r.0)

Projections p(r, 6’) — I f (x, y)dS

at different projection angles (@'s)

f(x,y)




Origin of Contrast of X-ray Absorption Im;gﬂ_

Beer-Lambert Law Attenuation of X-rays by a uniform material

=l I,

[ : intensity of X-rays I
A absorption coefficient ra

/1

Intensity of transmission X-rays Projection of i
ﬂ(an’»Z) ) =1, exp(—_f,u(x,y,z)dz) |
Lx ]
j ,u(x, v, Z)dz = —log[—j
]O
/ (x, y) ) n
\‘.
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Complex refractive indices at 20 keV

material

o

B

op

poly-
styrene

5.0 x 107

3.2 x 10-10

1.6 x 103

water

5.8 x 107

6.0 x 10-10

9.7 x 102

Si0,

1.3 x 10°

2.9 x 10°

4.5 x 102

Si

1.2 x 106

4.9 x 109

2.4 x 102

water
[ )

polyst;/rene

Fe

3.8 x 106

9.7 x 108

3.9 x 10!




