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Overview

ESRF and ID11

Diffraction / 3DXRD / Grain Mapping

Diffraction Tomography



Machine commissioning : 2 Dec 2019 … Beamlines: March 2020



ESRF Upgrade Phase II : new machine in 2019-2020

~40X more photons for ID11 optics
Cleaner spectrum



What is multi-grain crystallography ?

Spotty diffraction patterns : more than 1 crystal but no powder average

Microstructures

Multi-phase

Statistics

Sample
Rotates



Single Crystal Many Crystals





Structures from tiny crystals

R1 = 2.3%



New station added to ID11

166 nm
FWHM

Speed 4 deg/s

41 nm!





Near-field and far-field detectors

Pixels >> Grains

Pixels << Grains



Diffraction based imaging at ID11, DCT and 3DXRD, near or far field ? 
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6mm          100mm



Majkut et al. J Am Ceram Soc 2016; 100: 393–402

Near field grain map for the same sample

Thermal annealing strains Electrically poled
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Mapping deformed grains

Vigano and Ludwig 



Force chains in granular matter

Pag
e 
16

Combine 3D tomography : particle shapes and contacts
… with 3DXRD : particle strains (via crystal unit cells)



Compare to 2D photo-elastic experiments
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Force-chain distributions in granular systems 
Phys. Rev. E 89, 012203 (2014)
Ling Zhang, Yujie Wang, and Jie Zhang 

Nature 435, 1079-1082 (2005)
Contact force measurements and 

stress-induced anisotropy in granular
materials

T. S. Majmudar & R. P. Behringer



Natural sand grains
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Promising results but the natural sand grains showed
significant internal structures (twins and cracks). On 
loading the internal domains move with respect to 
each other.



Larger system – Collaboration with Steve Hall, Ryan Hurley, Jose Andrade
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Analysis of strain tensors

Solve inversion problem

Determined contact forces



Strain tensors of the quartz 
grains versus applied load.
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Quantitative mechanical force
Information

Color represents strain tensors
Mapped onto surface of grains

32 grains.

Geotechnique Letters 5 236 2015



Synthetic quartz spheres
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By polishing synthetic quartz spheres the internal structures could removed to give 
clean data. Images show the surfaces of the spheres found from tomography 
colored according to their strain tensors.  Force chains are clearly evident.

Steve Hall, Lund



Mapping strains in shape memory alloy

Science (2016) 353  6299



NiTi Shape Memory Alloy



3D strain tensors at the martensite band front



TEDDI 
Tomographic Energy Dispersive 

Diffractive Imaging

µ-Laue

Micro Laue (Diffraction Mapping)

DCT
Diffraction Constrast Tomography

3DXRD
3D X-ray diffraction

HEDM
High Energy Diffraction Microscopy

XRDCT
X-ray Diffraction CT

XDT
X-ray Diffraction Tomography

PDFCT
Pair distribution function CT

Polychromatic     Monochromatic Scanning a smaller beam



Tomography : how does it work ?



(h,0,l) : reflections give
Structure projection down b (or y)

…. etc = tomography



Focus X-ray beam to adapt to sample…

Sample

3D

2D

1D1D – Must scan rotation and sample position

2D – Measure a single slice, 

need to stack many

3D – Measure a full volume in one scan

Nangles x Ny
… x Nslices



Cements:

Phases 

separated

Claret et al.

Volume 5 | Part 2 | March 2018 | Pages 150–157 | 10.1107/S205225251701836X

- Phase pure data from mixtures
- Single crystals from powders

3DXRD:

Crystals in

powders



Filling the sinogram : data collection

2D scans

Rotation angle

Position across sample

Stack layers for 3d





Claret et-al IUCrJ 2018

"Spotty" phases were removed
by image processing. Ring-by-ring 
approach used to preserve 
textured powder lines

Data were also scaled/corrected 
for ring current decay

(See also Vamvakeros et al, JAC 
2015, etc)

Claret et al.

IUCrJ Volume 5 | Part 2 | March 2018 | Pages 150–157 | 10.1107/S205225251701836X



Ever faster 2D detectors

ESRF Frelon CCD Pixel detectors 

1 second per picture 1 hour = 3600 seconds = 2D : 60 x 60
3D : 15 x 15 x 15

10 pictures per second 1 hour = 36000 frames = 2D : 180 x 180

3D : 33 x 33 x 33

100 fps 1 hour = 360000 frames =  2D : 600 x 600

3D : 71 x 71 x 71

500 fps (next year !) 1 hour = 1.8 Million frames = 2D : 1440x1250
3D : 122 x 122 x 122



XRD-CT : Dorota Matras et al

2D (ID11) : 180 x 160 x 50 ms ~ 24 minutes 

3D (ID15) : 100 x 100 x 36 x 20 ms ~ 2 hours



Scanning 3DXRD  - Select frames / spots on green line

Measuring  N  steps across sample
N2 possible data sets

(cross talk problem, but single crystal spots less overlapped)



Diffraction tomography: Impurities in UMo (data from ID22)

Impurity precipitation in atomized
particles evidenced by high resolution

diffraction tomography

Anne Bonnin, Jonathan Wright, Rémi 
Tucoulou, and Hervé Palancher
APPLIED PHYSICS LETTERS 104, 

121910 (2014)

Data reduction is well
established for powder rings

“Spotty” diffraction patterns 

are more challenging to 
reconstruct.

Indexing of single grains 

has been achieved, 

showing orientation 
relations of phases



Index individual spots and reconstruct grain shapes

Impurity precipitation in atomized particles evidenced by high resolution diffraction tomography

Anne Bonnin, Jonathan Wright, Rémi Tucoulou, and Hervé Palancher, APL 2014



Similar grain in DCT experiment at ID11

ID11 near-field data

Processed for grain centre of 
mass

LARGE beamsize

Same size gradient but no U/C



Trace impurity phase mapped out

Bonnin et al APL 2014

1 wt% impurity phase 
Clear orientation relationship between U(C,O) and UMo

Multiple U(C,O) domains in single UMo grain
Mainly found in larger UMo grains



Commissioning results from ID11, LTP, ma1317

Jacob Bowen, 
Jette Oddershede, 

Soeren Schmidt, 
Carsten Gundlach, 
Hugh Simons

DTU

Grain by grain 
sinograms

YSZ sample

Layer by layer reconstruction 9 µm





Tin Whisker  :  Hektor et al…

“Low Angle Coincident Site Lattice”
“High Angle Coincident Site Lattice”



Steps for scanning 3DXRD processing

Peak search

Calibrate

Ring assignment array shape (199088,)

Ring     (  h,  k,  l) Mult total indexed to_index ubis peaks_per_ubi

…

Ring 8   ( -1,  0, -3)   12   5446     254     5192   340     16

Ring 7   ( -1, -1, -1)   12     30       0       30     1     16

Ring 6   ( -1, -1,  0)    6   2672      90     2582   334      8

Ring 5   (  0,  0, -3)    2     28       2       26    10      2

Ring 4   ( -1,  0, -2)   12   4830     296     4534   301     16

Ring 3   ( -1,  0, -1)   12   4510     144     4366   281     16

Ring 2   (  0,  0, -2)    2   1244      18     1226   466      2

Ring 1   ( -1,  0,  0)    6   2415     135     2280   301      8

3D scattering vectors.
Assign hkl indices

… for each crystallographic phase

Find orientation matrices and assign 
spots to grains

Map out the shape of the 
grain using filtered back 

projection or ART
(e.g. iradon function)

http://github.com/FABLE-3DXRD



What about the spots ?    Event based integration 

Poster: This conference ...J. P. Wrighta,  A. Elmalehb, B. Baptisteb, S. C. Tarantinoc, E. Elkaïmd.

Analyser Crystal 
Spot histogram
Pixel integration

Centroid spots in two theta, make a histogram



Summary

Un-mixing samples

• phase pure voxel data

Single crystals from powders

• tiny x-ray beams

• search all over to find crystals 

Event based integrations

• two theta of spots

Computed Tomo is like a sample changer

• > 10,000 positions
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