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X-rays

E=    100eV – 100 KeV
l =    0.01 nm – 10 nm
w =    1016 Hz – 1019 Hz

● Energy large penetration depth (inside materials, buried layers), elemental sensitivity
● Wavelength interatomic distances, morphology, crystal structure, meso-scale domains

● No special In-situ & operando : kinetics & dynamics (growth, annealing, erosion, rections
environment indentation, external fields, catalysis, wet, hot, cold …)



Elder, F.R., Phys Rev 71 (1947)

X-Ray Sources

http://journals.aps.org/pr/pdf/10.1103/PhysRev.71.829.5


NOTE: Improvement of Laboratory sources 

X-ray tube

X-ray Metal Jet source, small source and 
more flux in Tender-Hard regime

X-ray High-Harmonic Generation: more 
coherence in Soft- regime



Electromagnetic radiation produced by relativistic electrons that 
are bent (accelerated) in a magnetic field and thus producing a 
radiation with an energy ranging from infrared to hard X-rays.

§ Brilliant - many orders of magnitude brighter than conventional sources.
§ Tunable – varying Energy of X-ray beam
§ Collimated – parallel beam, easy to focus, permits studies of complex 

structures. 
§ Polarized - improves sensitivity
§ Pulsed - electron bunches produce light pulses (time-resolved experiments)
§ Coherent- -- well defined source gives a high degree of coherence

Synchrotron Radiation



“new”

Synchrotron sources



Why are DLSs so Bright  ?
Photon Beam Electron Beam (in undulator)

Photon emittance limit 

εp = ΔxpΔθ p ≥
λ
4π

In a DLSR light source (e.g. synchrotron) 

Small & collimated e-beam

εe ≤ εp

εe = ΔxeΔθe
electron emittance

Courtesy of Dan Mannix, U. Aarhus, ESS & CNRS



Transverse Coherence of Diffraction Limited Storage 
Ring Sources

Courtesy of Paul Evans, Wisconsin University



NSLS II

MAX IV

NSLS-II First Girder:
14-foot, 8-ton structure 
holding multiple magnets 
June 15, 2010
e0= 1 nm rad
Pushing 3rd gen technology

MAX IV 7-BA magnet (2016):
Dipole & multipol. magnets
e0 < 0.3 nm rad

7 x 20 weak (0.5 T) bend-magnets
many 102 strong focusing magnets
4th gen, innovative technology



Technological breakthrough?

A small empty(!) tube

…well, yes, some minor work on Magnet arrangement



1 of the 7 magnet blocks for 3GeV 
achromat opened for inspection

Dipole magnet: 0.57 T

N = 140 (20 x 7)
Precision ≈ 10µm
L = 2.3 / 3.3m 



MAX IV 3 GeV Ring
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International Scene: DLSR’s all over the world

ALS-U DLS

BESSY IIISLS 2.0

SLiT-JThailand
Beijing KEK/PF

PETRA III/IV

Nature 501, 148–149 (12 September 2013) doi:10.1038/501148a 



Coherence: what    ?
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Coherence: what for?
& Scanning Diffraction: NanoBEAMS



Nanobeams: how small
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Diffraction limited

Geometry limited



Reflection
Mirrors

Refraction
Lenses (convex)

Diffraction
Fresnel zone plates

Nanobeams: how



Courtesy of Chris Jacobsen, Argonne National Lab & Northwestern University



Reducing the lateral size of the beam 
(without loosing photons!) allows to 
measure single objects or maps

Single object [local probe] Map [scanning probe]

G. Martinez-Criado et al Nano Lett.
(2012) 12, 5829

A. Diaz et al Phys. Rev. B 79 (2009) 
125324 

Nanobeams:  X-ray signals 
@ nm scale!



Polarisation, phase

● Absorption Iout/Iin

● Spectroscopy Iout(Energy)

● Scattering (structure) Iout(a)

X-rays beam 

Intensity, Angle, Energy

X-Rays beam 
Intensity, Angle, Energy e-, visible light, current

Possible contrast
or: interaction with matter



Materials & Size



How does it work?

x

y

x

y

?
Signal

Absorption
Diffraction
Fluorescence
Phase
other... 



Absorption
Diffraction
Fluorescence
Phase
other... 

Non-homogeneous 
optical properties

x

y

2D strain maps: Diffraction
Crystal lattice and strain maps [Res.: beam 500 nm – ID01 ESRF]

7 µm

Collaboration with  O. Schmidt, - FWI Dresden

Inhomogeinity of strain correlated to 
inhomogeinity of optical properties !



Absorption
Diffraction
Fluorescence
Phase
other... 

2D Fluorescence imaging
Elemental composition maps  [Res: beamsize, 60 nm ID22- ESRF]

XRF 
Ga-Kα

G. Martinez-Criado et al Nano Lett. 2012 12, 5829−5834

Signal(Luminescence)

Correlation strain<-> optical emission



Local atomic structure and strain

Signal(J)
Data treatment to extract 
local strain & composition

StructureßàFunction
on same structure

Nano Letters 2011, 11, 2875

Nanobeams as Local probe



Full-Field Projection:  Magnification L2/L1

Full-Field Projection:  Magnification L2/L1
Lens gives demagnified Image of Source
And less blurred image

Scanning Diffraction: 
Lens produces smaller beam on Sample

Coherent X-ray imaging techniques

1 3
2

4

Full-field & Scanning 
Inverse imaging: 
Algorithms recuperate phase to FFT-1 
coherent x-rays scattering data

See: www.x-ray-optics.de



Absorption Refraction Diffraction Diffraction

From near to Far field
different regimes



Far Field Coherent diffraction imaging
X-Ray diffraction: distances (size, thickness)

correlation (lattice parameter, structure 
factor)

density (shape, roughness, intermixing)

X-ray diffraction
Fourier transform of 
electron distribution

Q  = 2p / d

Q’ = 2p / t
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Partial coherence of x-rays
(chaotic source, polychromaticity)

Diffracted field: Information 
e- density

e- distribution
=> atomic position: strain

BUT
Intensity is measured

Model-dependent 
analysis

No 

Can we recuperate phase??

Model-free analysis
(!) Coherent x-ray beams

Yes! 



Coherent diffraction imaging

X-ray diffraction
Fourier transform of 
electron distribution

Q  = 2p / d

Q’ = 2p / t

nl=2d sinq

Q =( kf-ki ) // d, t
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Phase Retrieval Algorithm
JR Fienup Applied Optics 21 2758 (1982)

Real Space 
object

Diffracted 
Amplitude

FFT -1 FFT

Phase recovery through 
mathematical algorithms: 
digital lenses

Coherent Light



IM Measured intensity
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Coherent Diffraction Imaging - CDI



FFT
d

FFT-1

DL=2p/DQ
real space resolution
(pixel size)

DQ2. Measuring large DQ 
increase real space resolution
==>
a. Intensity (focused beam)
b. Scattering power (large Z)
c. Sample's size (large)

A few notes: resolution (!)

ΔQ[m]= z λ
ΔL



FFT
d Q=2p/d (Nyquist freq.)

dQ[m-1]<=Q/2
reciprocal space
resolution

FFT-1

L=2p/dQ

1. Oversampling (small dQ)
confine the sample volume, create 
finite support
==> 
a. Detector's pixel size (small)
b. Sample's size (limited)
c. ...coherent illumination

A few notes: over(?)sampling

δQ[m]= z λ
L



2018

In 600nm particles, the formation 
of stacking faults during 
operation reduces performances 
on the long term (fatigue)

? Could the use of smaller 
particles limit this deterioration?

Energy materials: in situ & operando microscopy



CHALLENGE:
Can we hope to get this resolution?
What about “real life” particle size??
3-30 nm??

Coherence: strain imaging in-situ

200nm Pt, ~ 14nm resolution



Coherent Bragg imaging of 60 nm Au nanoparticles under 
electrochemical control at the NanoMAX beamline
A.Bjorling, D. Carbone et al In Review for JSR

Particles are unstable in the beam, but good signal is measured 
even for short counting time (0.1s). Highest q-range corresponds 
to ~ 8nm

Take the challenge: Pt, Au, Pd 20--60nm  @ MAX IV



P(r-Rn)

O(r)

Faulkner et al. PRL 93 (2004); Rodenburg et al. APL 85 (2004)

Measurement of several diffraction patterns obtained for different but 
overlapping illumination areas

y(r, R) = O(r - R) x P(r) O(r) the object function,
P(r) the illumination function
y(r) the exit wave,
R the displacement of the beam

Ptychography – CDI with scanning & overlap



3D with coherent diffraction tomography
3D quantitative microscopy (morphology biologic and artificial materials)

2µm beam
& 65nm resolution!! 
with phase retrieval 
algorithms

Signal(J)

Bone morphology
M Dierolf et al. Nature 2010  467, 436-439 

16nm resolution in 3D 
demonstrated 
(strong scattering sample!)

Scientific Reports 4 (2014) Article 
number:3857



3D with coherent diffraction tomography
3D quantitative microscopy (morphology biologic and artificial materials)

Redox cycle in Solid Oxide Cell
Journal of Power Sources 2017, 520-527



Courtesy of V. Chamard

arXiv:1506.01262 [cond-mat.mtrl-sci]

3D with coherent diffraction 
3D quantitative microscopy (crystal structure artificial material)



Scanning CDI (Ptycho): pushing the limits @ NSLS II

Visualising stacking faults!
Small Beam: 40nm x 80nm

Resulting pixel size: 1.3nm to 
6.5nm ~intensity
BUT overall resolution limited by 
method & stability

Reconstruction reliable within 
50nm because of twist

Development of dedicated acquisition schemes and 
reconstruction algorithms is an essential complement



Ptychography and fluorescence, in soft x-
ray regime
Record resolution at ALS!

Delithiation in a nanoplate of LiFePO4, 

Nature Photonics 8, 765–769 (2014)



2D & 3D of magnetic materials

Challenge: Fe K-edge signal

Nature 547, 290 2017

Spectro-microscopy of magnetic GdCo by Ptycho-
tomography
Valerio Scagnoli & Claire Donnelly PSI



M. Guizar-Sicairos et al. Optics Lett. 33 2268 (2008)
Holography with Extended Reference by Autocorrelation Linear Differential Operator

Holography in soft x-ray regime
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I(q)			=	|		FT(r(r)+d(r-D))	|2 =		| r(q)	+	exp(iqD)	|2
=		r(q)r*(q)	+	1	+	r(q)	exp(-iqD)	+r*(q)	exp(iqD)

The	phase is	encoded	in	the	diffraction	pattern	(amplitude)
=>	No	need	for	inversion	algorithms

From	the	direct inversion	of	the intensity:

FT-1(I(q))	=	 r(r)	Ä r(r)	+	d(0)	
+	r(r-D)		+	r*(-r+D)



XPCS



FZP station:
Ultimate focus, limited space for sample 
environment

- In-vacuum
- High stability => little flexibility
- Ad-hoc sample environment
- Cryo-cooling (sample damage)

KB station:
Flexible geometry, large sample environment

- Multipurpose diffractometer
- Adapted sample environment
- Combined analysis (in-situ): heating, 
cooling, external electric / magnetic fields, 
controlled pressure / gas environment, ... 

NanoMAX overview

Scanning X-ray methods (5-30 keV)

X-ray Diffraction (XRD)

X-ray fluorescence (XRF)

Inverse Imaging (CDI & ptychography)

Spatial resolution 50à30à10 nm
with Fresnel Zone Plates (KTH Stockholm)
~3-4 1010 photons/sec

Spatial resolution ~100 nm
with KB-mirror optics (JTEC)
~2-3 1011 photons/sec



NanoMAX: 
CXDI EndStation design: flexibility & stability

• Diffraction & 3D inverse imaging 
• Spectroscopy 
• Sample environment (1Kg, 100mm)

• 2-circles goniometer
• KB mirror optics
• On solid granite block 
• Detectors decoupled from sample
• 5 Kg total load (sample environment)
• Huber 2-circles
• Simple design for support 
• In-line and top view microscopes

• Data acquisiton & online visualisation
• Program for coherent data analysis 

(collaboration V. Chamard, P Thibault)





e = dzzE

E [V/cm]
e = DL/L

VL+DL

- - - - - -

++++++

500 nm 

Granular film of Na0.5Bi0.5TiO3 , lead-free 
ferroelectrics, how to measure dzz, or Ec?

V

Distribution of properties 
reflects morphological 

inhomogeinity

dzz =
ΔL
L
⋅
1
E

Local probe
Local response in piezoelectrics

Appl. Phys. Lett. 105 242901 (2014) 



V

GaAs NW on Si (111)

GaAs NanoWires - transport

Coherent

From coherent diffraction patterns one can extract the type and the 
number of different segments in each NW,.

Distribution of properties reflects 
structural inhomogeinity

Local probe

Nanoletters 15 (2) 981 (2015) 



4D X-Ray Tomography

Wing oscillation - 150 beats per second. Stampanoni et al, PSI -March 2014 

Study important for biomimicry engineering

“Live”-science: 4D imaging


