


1. 1. InterferometryInterferometry

PC Imaging PC Imaging -- TerminologyTerminology

2. Double2. Double--Crystal TechniquesCrystal Techniques
DEI – Diffraction Enhanced Imaging

ABI – Analyzer-Based Imaging

SAXS - Imaging

3. Propagation3. Propagation--Based  Imaging  (PBI)Based  Imaging  (PBI)
In-Line imaging/holography  (PCX) cf Gabor

Refraction Enhanced Imaging (REI)

Non-interferometric imaging

Lensless imaging



ThemesThemes

•• Different techniques  and results for PCIDifferent techniques  and results for PCI

•• Challenges and Opportunities for hard XChallenges and Opportunities for hard X--ray PCIray PCI

•• Quantitative information extraction from PC imagesQuantitative information extraction from PC images

•• High speed and “pink beam” methodsHigh speed and “pink beam” methods

•• “Virtual X“Virtual X--ray optics”  ray optics”  -- grand unification of all PC methodsgrand unification of all PC methods

•• Combined methods (e.g. PCI and SAXS)Combined methods (e.g. PCI and SAXS)

•• Clinical medical applications?Clinical medical applications?

•• How to design the ultimate PC imaging BL?How to design the ultimate PC imaging BL?

Emerging Opportunities for Hard X-Ray PCI
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PhasePhase--Contrast RadiographyContrast Radiography

ConventionalConventional InIn--Line Line 
microfocusmicrofocus



PhasePhase--Contrast Radiography Contrast Radiography –– LabLab--based based microfocus microfocus 
sourcesource

Cochlear implant



Tomographic data for cochlear implant (SR)



Thin cross-section of human femur (smallest features of order 5 micron



Some Challenges and Opportunities for Some Challenges and Opportunities for 

Hard XHard X--ray Phaseray Phase--Contrast Imaging and CT using SRContrast Imaging and CT using SR

2. Quantitative compositional analysis at high spatial resolution  
(e.g. different types of soft-tissue cf MRI). 

5. High-speed imaging to remove motion artifacts and study 
dynamic processes  (say ∼ 1 msec). 

6.  Ultrafast imaging – ≤ nanosecond (single pulse)

7.  Live human patient studies using PCI
(cf RÖntgen). 

3.  Improved contrast for large features ( e.g. globular masses).

4. Improved resolution and contrast for specific types of features  -
including possible new and improved contrast mechanisms.

Combined methods (?),Combined methods (?), e.g. PC and SAXS.

1. Improved understanding of and ability to meaningfully interpret    
phase- contrast images (of various types). 

How to best 
design a  

PC imaging BL?
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Basic Geometry for InBasic Geometry for In--Line PCILine PCI
(cf (cf InIn--Line HolographyLine Holography –– Gabor,  1948)Gabor,  1948)



Relationship for phaseRelationship for phase

φφ(x,y,z,k) = (x,y,z,k) = --k  k  ∫∫ δδ(x,y,z(x,y,z’’;k) ;k) dzdz’’ =               =               ∫∫ ρρ(x,y,z(x,y,z’’) ) dzdz’’ =  O(=  O(λλ) = O(1/E)) = O(1/E)

where

k  =  2 π/λ

re - classical electron  radius

ρ = electron  density

k
2πre

1.1. Improve ability to meaningfully interpret Improve ability to meaningfully interpret 
phasephase--contrast images (of various types) contrast images (of various types) 

Generalized refractive index for xGeneralized refractive index for x--rays rays 

n (λ)  = 1 - δ (λ) - i β (λ)



Phase retrieval   - a simple case

Paganin, Mayo, Gureyev et al., Journal of Microscopy (2002), 206, pp33 
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The 2-Position Method of Determining Separate
Absorption and Phase-Contrast Images

sample

micro focus
source

Position 1
Position 2
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Role of Phase Retrieval in InRole of Phase Retrieval in In--Line ImagingLine Imaging
1. Separation of Phase from Amplitude Contrast  (Multi1. Separation of Phase from Amplitude Contrast  (Multi--Distance)Distance)

“Experimental” in-line 
image (amplitude/phase)

Extracted intensity exp[-
µt(x,y)]

Extracted phase ϕ(x,y)               

Extracted phase Laplacian 

∇2ϕ(x,y)

““ββ””

““δδ””



Quantitative phase   determination 
=> i.e. thickness extraction

Determination of  Determination of  
projected thickness of projected thickness of 
apatite apatite (bone mineral)(bone mineral)



Quantitative phase determination 
=>  i.e. thickness extraction

Excised mouse kidney Excised mouse kidney -- thickness determination thickness determination 



Role of Phase Retrieval in InRole of Phase Retrieval in In--Line ImagingLine Imaging
(Data recorded on ID(Data recorded on ID--22 at ESRF)22 at ESRF)

In-line images 

phase 
retrieval

CuCu

P.c.P.c.

polycarbonatepolycarbonate

Elemental analysisElemental analysis



22--D Detector Method for Determining D Detector Method for Determining 
Phase/Amplitude Retrieval Phase/Amplitude Retrieval 

g  (E)ij

sample

micro focus
source



Phase/Amplitude Retrieval from MultiPhase/Amplitude Retrieval from Multi--Energy InEnergy In--Line Images. Line Images. 
Experimental Example (cont.)Experimental Example (cont.)

Experimental images at (a) λ=3.8 Å; (b) 7.3 Å and (c) 2.5 Å

Reconstructed phase (d) and intensity (e)

(a) (b) (c)

(d) (e) Theory Sphere 1 Sphere 2 Sphere 3 Sphere 4

max-ϕ 3.25 3.20 3.53 3.57 3.12

maxM 0.055 0.061 0.070 0.053 0.056

Gureyev, Mayo, et al    PRL, 86, 5827 (2001)



EXPERIMENTAL DEMONSTRATION OF QUANTITATIVE IN-LINE 
IMAGING WITH PARTIALLY COHERENT X-RAYS
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In-line image of 5.3 µm and 9.0 µm latex 
spheres obtained with polychromatic X-rays 

Incident X-ray spectrum 
(XUM@10 kV; Ag foil) 

Reconstructed thickness (dots); monochromatic 
reconstruction (dashes); expected (solid line).

Reconstructed projected 
thickness distribution

Projected thickness determination for Projected thickness determination for 
polychromatic sourcespolychromatic sources

GureyevGureyev, , PaganinPaganin, et al      PRL,  Aug 2004., et al      PRL,  Aug 2004.



Software optical elements  (�Virtual X-Ray Optics�)
- mathematical lenses for X-ray imaging

source

ψ(x,y,z=0) ψ(x,y,∆z)) Ι1(x,y), Ι(x,y,τ)
Ι2(x,y), etc.

z

z=0               z=∆z

Virtual 
imaging 

system in 
state τ

Physical 
imaging 

system in 
states 
1,2,3...

ψR

Paganin, Gureyev et al., J. Microscopy (2004),  214, pp315-27. 



Phase/amplitude retrieval allows one to simulate in software various 
imaging modalities that otherwise would require special hardware

INFORMATION EXTRACTION  FROM ININFORMATION EXTRACTION  FROM IN--LINE IMAGESLINE IMAGES

In-line 
image(s)

Object-plane 
intensity

Object-plane 
phase

Phase retrievalExperimental 
data

Imaging modalities

Defocused image

Zernike image

Schlieren image

Interferogram

D.I.C. image

DEI

Dark-field image

Projected 
electron density

Elemental 
composition

φφ

AA



Zernike

Schlieren

D.I.C.

Defocus

In-line 
image

Object-plane 
intensity

Object-plane 
phase



Paganin, Gureyev et al., Journal of Microscopy (2004) ,  214 pp 315-327

Zernike Interferogram

Virtual XVirtual X--Ray Ray OptcsOptcs: “X: “X--Ray OmniRay Omni--microscopy”microscopy”



D2: Mathematical lenses: X-Ray Omni-
microscopy (slide 3 of 3)

Paganin, Gureyev et al., Journal of Microscopy (2004) 

DEI Schlieren



"TRUE"TRUE--DENSITY" DENSITY" 
IMAGINGIMAGING

Some Image Analysis plus Phase Retrieval and Some Image Analysis plus Phase Retrieval and 
EnhancementEnhancement



Simulated DIC (Simulated DIC (NomarskyNomarsky) mode with horizontal shift) mode with horizontal shift

DIC CONTRAST (EMPHASIZED DIRECTIONS)DIC CONTRAST (EMPHASIZED DIRECTIONS)



Simulated Simulated ZernikeZernike phasephase--contrast modecontrast mode

ZERNIKE CONTRAST (EMPHASIZED AREAS)ZERNIKE CONTRAST (EMPHASIZED AREAS)



Combined Imaging MethodsCombined Imaging Methods

PCI and SAXS

Wilkins, S.W. (1998),  US Patent  5,802,137



Clinical Medical  Applications of         Clinical Medical  Applications of         
Phase Contrast Imaging ?Phase Contrast Imaging ?



Manufacturing & Infrastructure Technology

Absorption radiograph

1 mm

Phase contrast

Tissue sample Tissue sample 

Thickness = 3 cm
Energy  = 17 keV
Mead Glandular dose = 0.5 mGy

Giuliana Tromba et al,    Elettra
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elet
traelettraelettraSYRMEP Collaboration

Aim ->    In vivo mammography studies on cases selected by the Radiologist.

Target-> Dense breasts; 

conventional radiographs with uncertain diagnosis;

suspect of false positives. 

Set-ups-> I Phase: PHC radiography with commercial detectors;

II Phase: low-dose tomography with custom Si microstrip detector.

The SYRMA project
(SYnchrotron Radiation for Mammography) 

Agreement among the Public Hospital of Trieste, the University of Trieste and Elettra



Patient support



SYRMEP layout for InSYRMEP layout for In--Line imaging   (Line imaging   (ElettraElettra, Trieste), Trieste)

BM
white beam

Si(111)
double crystal
monochromator

sample

detector

θ
Ionisation

chamber

slits

slits d:  0 ÷ 2.5 m

Front-end horiz. 
acceptance: 5 mrad



Pushing the envelope of PCI…..!Pushing the envelope of PCI…..!



Regimes of XRegimes of X--ray imagingray imaging

nearnear--fieldfield intermediate field           holographicintermediate field           holographic

(non(non--linear dependence on linear dependence on φφ))
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Contrast Transfer Function (CTF) for phase and absorption information contained in the object. The 
thumbnail images of “Holly” taken as a pure phase object show the effect on image structure of 

imaging in different regimes. Note: all images might in principle be used to try to obtain the same 
information about the object (“Holly”) 
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Contrast Transfer Function showing effect of damping 
term due to finite source size

PoganyPogany, , Gao Gao & Wilkins, Rev. & Wilkins, Rev. Sci InstrumsSci Instrums 1997 1997 



Spatial CoherenceSpatial Coherence

Source 1Source 1
Source 2Source 2

αα

Spatial coherence = Spatial coherence = λλ L / sL / s = = λλ / / αα

detectodetecto
rr

L = RL = R11

RR22

ss



E. Pagot, P Cloetens ,…

ESRF, ID-19



From Peter Cloetens,

ESRF 
(Berkeley Meeting, ‘03))



Hard XHard X--ray Imaging Beamline for ASray Imaging Beamline for AS

Key property is flexibilityKey property is flexibility
Main parameters:

• Wide energy range 10 to  ~ 120 keV  (also including �white� beam). 
• 1 close in station and one  ~ 150-200m from source point 
• High spatial resolution ∼ 1 um (Station #1) ∼ 10 um (Station #2) 
• Large hutches  to allow multiple  modes of use & a variety of configurations (without 

compromise).
• Ultra-plane waves (e.g. topography). 

Variety of applications:
• Biomedical (live small animal, biopsy, bone)
• Micro CT,   Plane wave topography
• Industrial materials analysis and imaging
• Medical, both diagnosis and radiotherapy

Detector

Optics Hutch Station 1 Station 2

SampleFocusingMonochromator
Safety system

Full field imaging, 
Microprobe, 
Radiotherapy

Full field imaging (Large objects) 
Phase contrast imaging. 
High spatial coherence

DetectorSample
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λλ== XX--ray wavelengthray wavelength

z = effective objectz = effective object--image distance = Rimage distance = R11 RR22/(R/(R11+R+R22))

uu = spatial frequency 1/d (d = line= spatial frequency 1/d (d = line--pairpair
separation)separation)

Contrast Transfer Function for PCX (Point Contrast Transfer Function for PCX (Point 
Source)Source)



Intensity (Contrast) from a Pure Phase ObjectIntensity (Contrast) from a Pure Phase Object

I((Mx, My; R1 +R2, k) = (I0/ M2) [I    + ∇xy
2φ(x,y; R1, k)]

R2

kM

= (Io / M2) [I  - 2π ∇ 2
xy      ρ(x,y,z) dz]

2πre
k

Relationship for phase
2πre

k
φ(x,y,z,k) = -k   δ(x,y,z’;k)dz’ =              ∫ ρ(x,y,z’) dz’

Where  R1 =  source-object :  R2 = object-image

M   =  magnification

k    =  2 π/λ re - classical e radius, ρ = e density
N.B. 1. Edge enhancement

2. Contrast increase with R2

3. Energy invariance of image



Role of Phase Retrieval in InRole of Phase Retrieval in In--Line ImagingLine Imaging

1. Separation of Phase from Amplitude Contrast  (Multi1. Separation of Phase from Amplitude Contrast  (Multi--Distance)Distance)

“Experimental” in-
line image 
(amplitude/phase)

Extracted 
intensity exp[-
µt(x,y)]

Extracted phase 
ϕ(x,y)               

Extracted phase 
Laplacian −
∇2ϕ(x,y)



Absorption and Phase CrossAbsorption and Phase Cross--SectionsSections

Calculated values for phaseCalculated values for phase--shift crossshift cross--section p and absorption crosssection p and absorption cross--
section section µµaa.as a function of atomic number   (from .as a function of atomic number   (from MomoseMomose et al).et al).
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SAXS,  Refraction  & AbsorptionSAXS,  Refraction  & Absorption



Partial Coherence. Phase/Amplitude Retrieval from Multi-
Energy In-Line Images

Experimental images at (a) λ=3.8 Å; (b) 7.3 Å and (c) 2.5 Å

Reconstructed phase (d) and intensity (e)

(a) (b) (c)

(d) (e) T h e o ry S p h e re  1 S p h e re  2 S p h e re  3 S p h e re  4

max- ϕ 3 .2 5 3 .2 0 3 .5 3 3 .5 7 3 .1 2

maxM 0 .0 5 5 0 .0 6 1 0 .0 7 0 0 .0 5 3 0 .0 5 6

Gureyev, Mayo, et al    PRL, 86, 5827 (2001)



D2: Mathematical lenses: X-Ray Omni-
microscopy (slide 1 of 3)

Paganin, Gureyev et al., Journal of Microscopy (2004), 
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