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Overview- diffraction computed tomography

What is it? 
!
How do we do it? 
!
Applications to materials chemistry 
!
The future… 
!
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Many interesting samples which we do 
not wish to destructively analyze! 
!
!
Relies upon taking many radiographs and  
performing reconstruction through back 
projection 
!
!
Classically gives access to the absorption 
coefficient 
!
What about materials with no Z contrast? 
!
Chemical contrast?

Computed tomography
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‘Strong’ dimer

‘weak’ dimer

The power of powder diffraction….

Powder diffraction easily distinguishes materials of similar density 
!
Can extract Angstrom-level detail from each voxel 
!
 -bond lengths and angles 
 -coordination numbers 
 -oxidation states

Kimber et al PRL (2013)
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Diffraction computed tomography



!7

LETTERS

Azimuthal 
integrations

Selective 
phase 

sinograms

ω

y

y

Global 
sinogram

Reconstruction

Capillary

Calcite

Beam 
axis

25 µm

y

x

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050

120

140

160

180

200

220

240

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250

120

140

160

180

200

220

240

260

280

50 250 450 650 850 1050 1250 1450

2θ

(i )

Sum 
pattern

ω

a b

cde

Ny × N    diffraction imagesω Ny × N    diffraction patternsω

Ferrite

Cubic diamond

Amorphous sp3 

carbon

Figure 1 Diffraction–tomography direct analysis. The successive steps and principles of the reconstruction scheme of the XRD-CT direct analysis are illustrated with the
phase identification of a C60 sample crushed under pressure24. a,b, For every position (y, !), the 2D scattering pattern (a) is integrated over the azimuthal angle and
produces the respective 1D scattering pattern f(2✓ ) (b). c, On the one hand, all the 1D patterns are summed up over y and !, to construct the scattering sum pattern of the
entire sample. On the other hand, each 1D f(2✓ ) pattern is integrated over the diffraction angle 2✓, and the resulting total scattering intensity is plotted as a function of (y, !)
to build up the global sinogram. d, An ROI over any 2✓ angle range, corresponding to a given scattering contribution or a diffraction peak (i ), can be defined to extract the
relevant sinogram of the corresponding individual phase. e, Finally, a reconstruction from these sinograms provides axial slices of the corresponding phases. This
cross-section image reveals the spatial distribution of different phases: a butterfly necktie shape with a bright central part and an arc in the bottom part corresponding to the
glass capillary.

sinogram (Fig. 1c), which is useful to reconstruct a cross-section
of the whole diVracted intensity. A region of interest (ROI) can
also be selected on the linear diVraction patterns to build up
one sinogram over a particular 2✓ range (Fig. 1d). For such an
ill-ordered sample, the presence of amorphous phases and any
possible peak overlap make diYcult the selection of single Bragg
peaks necessary for image reconstruction. Therefore, weighted
sums of sinograms are computed using the PyMca software27 to
discriminate contributions from diVerent phases. Five phases are
identified and located with a detection limit better than 0.1%: two
carbon phases with diVerent crystallinities, the amorphous glass
capillary container and two more unexpected contaminations at
the sample periphery (Fig. 1d). Figure 1e shows one reconstructed
(x,y) slice derived from the sinograms of Fig. 1d. Three grains of
ferrite are isolated in the left upper part of the sample and one single
grain of calcite at the top right.

A second major asset of XRD-CT is the possibility to carry out
a reverse analysis to extract a posteriori the scattering/diVraction
pattern from a selected area of the tomography image. Therefore,
structural information such as lattice parameters, structure
refinement, texture and grain size can be determined in an
arbitrarily defined part of the sample, ultimately down to the
voxel size. As shown in Fig. 2, the interpretation of a global
XRD pattern of a complex multiphase system is often impaired
by mixed contributions (phase and spatial distribution), which
impedes the structural identification of trace phases. By using this
reverse analysis, we overcome this limitation and recover single-
phase patterns, including the patterns of any amorphous or diluted
compounds (Fig. 2, A–E). The quality of the derived patterns
makes the Rietveld simulation possible (Fig. 2, A0–D0). The Scherrer
crystallite size of cubic diamond nanocrystals is extracted from the
Rietveld fitting (4 nm) and the C–C bond length is estimated in

nature materials VOL 7 JUNE 2008 www.nature.com/naturematerials 469

Diffraction computed tomography

Bleuet, P., Welcomme, E., Dooryhee, E., Susini, J., Hodeau, J.-L. & Walter, P. (2008). Nat. Mater. 7, 468–472.	
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quantity that can be integrated along the X-ray path (which is
not necessarily a line integral). Different physical quantities,
such as linear attenuation coefficient (absorption) (Kak &
Slaney, 1998), physical density (Compton effect) (Golosio et
al., 2004), the real part of the refractive index (phase)
(Snigirev et al., 1995; Cloetens et al., 1997, 1999), chemical
composition (fluorescence, XANES) (Schroer, 2001; Golosio,
Simionovici et al., 2003; Kim et al., 2006; La Riviere & Vargas,
2006), scale/structure of particles (small-angle scattering)
(Schroer et al., 2006) and crystalline/amorphous structure
(diffraction/scattering), can be accessed with extremely high
sensitivity and high spatial resolutions (from 100 mm to
100 nm).

Absorption-based microtomography (X-mCT) is used to
obtain morphological information on features showing high
density contrast such as voids and cracks, but can be limited by
the poor contrast for low-Z materials and between materials
with similar attenuation coefficients (Kak & Slaney, 1998).
However, using the coherent properties of synchrotron
radiation, phase contrast can be used to enhance the imaging
of such poor contrast materials (Cloetens et al., 1997).
Compton microtomography (Cpt-mCT) is more efficient for
imaging low-Z materials, in biology for instance (Brunetti et
al., 2004). Fluorescence-based microtomography (XRF-mCT)
and XANES-based microtomography (XANES-mCT) are
used to obtain chemical information with a high sensitivity to
trace elements (up to at least 0.01% in volume using a
micrometric probe) (Nelson et al., 2011). Practically, however,
these methods are constrained by the energies of the fluor-
escence and/or XANES signals, which can be highly self-
absorbed in the sample, affecting the reliability of the
measurements. XANES-mCT requires the user to perform
conventional projection tomography and to repeat the scan at
several energies around a particular absorption edge. This has
already been implemented (Léchelle et al., 2004; Nelson et al.,
2011) and works well from an experimental point of view,
although post-processing is complicated because of a manda-
tory image registration step. All these methods are very
powerful and can cover many scientific fields. However, none
of them can discriminate between different structures in multi-
phase materials and between crystalline and amorphous
components. For such a structural discrimination it is neces-
sary to use diffraction/scattering-based methods, which are the
subject of this paper.

2. Combined diffraction/scattering and tomography
methods

Two-dimensional diffraction mapping experiments have
already been applied for phase discrimination in hetero-
geneous samples from, for example, geosciences, cultural
heritage and biological applications (Manceau et al., 2002;
Dooryhee et al., 2005; Al-Jawad et al., 2007). The main
limitation of two-dimensional mappings is that the three-
dimensional information is projected onto the detector and is
lost during the acquisition process. While the lateral resolution
is governed by the probe size, the depth resolution becomes

quasi-infinite. By suitably combining diffraction/scattering and
tomography, it is possible to access selective two-dimensional/
three-dimensional structural and microstructural information,
which cannot be obtained from separate independent
diffraction and tomography experiments. In materials science,
the quantity of interest can be the matrix and/or minor phases.
The matrix is usually known from the fabrication process and,
as a major component, produces a strong scattering signal. It is
also frequently important to characterize some minor phases,
which generate quite weak diffraction and scattering signals.
These signals are critical since they contain significant infor-
mation about the structure, crystallinity, microstructure,
morphology and properties of the sample.

The first attempts at the combination of wide-angle scat-
tering with tomography were proposed for medical imaging
and showed the potential of coupling the two methods (Fig. 1)
(Harding et al., 1985, 1987; Kleuker et al., 1998). Using poly-
chromatic Laue diffraction, two- and three-dimensional
microscopy images have been successfully obtained on well
crystallized thin films and alloys (Tamura et al., 2002; Budai et
al., 2003; Larson et al., 2002; Beale et al., 2007; Cernik et al.,
2011; Hofmann et al., 2012). Using monochromatic diffraction,

research papers

1110 M. Álvarez-Murga et al. ! Diffraction/scattering computed tomography J. Appl. Cryst. (2012). 45, 1109–1124

Figure 1
A pioneering demonstration of DSCT as an alternative to absorption
imaging by using its scattering selectivity to poorly ordered samples of
soft tissue such as muscle, bone or fat (adapted from Kleuker et al., 1998).

Diffraction computed tomography

Pioneered at ESRF in 1998 by 
Ulf Kleuker et al 
!
!
Experiments performed using 
ID17 and a lamb chop!  
!
!
Excellent contrast using 
scattered signal

Kleuker, U., Suortti, P., Weyrich, W. & Spanne, P. (1998). Phys. Med.	



Biol. 43, 2911–2923.	
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Diffraction computed tomography

LETTERS

2   (°)θ 2   (°)θ

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

A

B

C

D

E

F

Pressure

A′

B′

C′

D′

25 µm
y

x

A B

CD

E

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Figure 2 Diffraction–tomography reverse analysis. The patterns labelled A–E
originate from the different phases shown in the colour image labelled A–E
respectively. Pattern F is the scattering pattern of the whole sample derived from the
sum of all measured y positions and ! orientations. The direction of pressure
applied for sample synthesis, from C60 into carbon sp3 phases, is indicated in the
inset. A0–D0 are the corresponding Rietveld calculated patterns used for
phase-parameter determination: A and A0, diamond C, cubic Fd-3m,
a= 0.35668 nm, coherent grain size= 4 nm; B and B0, amorphous C-sp3 phase;
B

0 is calculated using a 0.9 nm domain size and a cubic cell parameter
a= 0.371 nm; it is worth noting that this phase corresponds better to an
amorphous sp3 phase as observed in amorphous Ge31,32 with C–C distances 4%
larger than diamond C–C distances; C and C0, calcite CaCO3, trigonal R-3c,
a= 0.4991 nm, c= 1.7062 nm; D and D0, ferrite ↵-Fe, cubic Im-3m,
a= 0.28685 nm, grain size= 7 nm; E, glass capillary container.

the pure amorphous sp

3 carbon phase (C–C = 0.161 nm) (Fig. 2,
A0,B0). Finally, the two minor impurity phases are fully identified
and their structure can be refined (Fig. 2, C,C0 and D,D0).

The non-hydrostatic pressure at room temperature induces
the formation of well-crystallized cubic diamond in the central
part of the sample (A of Fig. 2), embedded within an amorphous
carbon sp

3 phase matrix (B of Fig. 2). It is worth noting that
neither uncrushed C60 nor polymerized C60 is found in the analysed
volume. Furthermore, located at the sample surface, crystallized
ferrite (↵-Fe) grains are identified (D) as well as one single impurity
grain of calcite (CaCO3) (C), outlining the sensitivity of the
method. Ferrite comes from some contamination by the razor blade
during sample extraction whereas calcite is probably a dust particle
in contact with the sample. The calcite grain occupies a single voxel.
The reliability of the method is checked by observations of the same
phase using ROIs over several (hkl) reflection peaks.

A third asset of XRD-CT is the possibility to combine
simultaneously diVraction with fluorescence and absorption. This
gives access to multimodal tomography as shown in Fig. 3 on
a textbook powder with diVerent grain sizes: a 300 µm capillary
is filled up with a mixture of chalcedony and iron pigments
containing haematite (↵-Fe2O3). Chalcedony is composed of long
quartz microfibres, generally less than 100 nm in diameter. As for
the previous test case, a reverse analysis is carried out on this mixed
powder. Even though chalcedony is by far the dominant phase
(Fig. 4a,b), at least two types of iron grain are observed: haematite
and siderite on the one hand, and haematite and phylosilicate
phases including greenalite on the other hand (Fig. 4c,d). For each
grain, a diVraction diagram can be extracted from extremely tiny
volumes of powder (as small as the voxel size), enabling subsequent
data simulation or structural refinement.

Chemical imaging 

Fe

SDD1

SST

CCD  camera 
(FReLoN)

Absorption imaging
SDD2

Crystalline imaging

Chalcedony

x

y

IC

x

z

y

X-ray focusing opticsBeam

100 µm

ω

Figure 3 Diffraction–tomography set-up for a multimodal analysis. An 18 keV monochromatic X-ray beam is focused with a Kirkpatrick–Baez mirror system down to
1.6⇥2.3µm2 (vertical⇥horizontal) with a flux of about 1011 ph s�1. An energy dispersive detector (SDD1) placed at 90� to the incident beam direction measures the
fluorescence signal. An ionization chamber (IC) measures the incoming I0 intensity whereas a silicon drift detector (SDD2) collects the X-ray fluorescence IF signal coming
from a Ni foil placed on the beam stop behind the sample. The ratio IF/ I0 is proportional to the absorption by the sample. A fast CCD (charge-coupled device) camera33

collects the scattered/diffracted 2D patterns. The scanning scheme, ensured by a sample stage (SST), consists of a series of linear steps (y) associated with successive small
rotations (!) of the sample. Insets: the images of the chalcedony–Fe mixed-pigment sample are reconstructed from the XRD-CT direct computation using the various signals:
X-ray absorption (bottom), Fe X-ray fluorescence (top left) and chalcedony diffraction (top right).

470 nature materials VOL 7 JUNE 2008 www.nature.com/naturematerials

P. Bleuet et alBleuet, P., Welcomme, E., Dooryhee, E., Susini, J., Hodeau, J.-L. & Walter, P. (2008). Nat. Mater. 7, 468–472.	
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Next major advance was made at ID22 at the ESRF 
!
18 KeV photons focused to sub-micron beam sizes
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Diffraction computed tomography

P. Bleuet et alBleuet, P., Welcomme, E., Dooryhee, E., Susini, J., Hodeau, J.-L. & Walter, P. (2008). Nat. Mater. 7, 468–472.	
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Figure 4 Phase-selective powder patterns and images. Experimental (black) and calculated (red) diffracted patterns and phase maps (insets) of the different phases
extracted from a chalcedony–Fe-pigment powder, by using the XRD-CT reverse and direct analyses. a, Reconstructed XRD-CT image from the whole XRD diagram (black),
compared with the calculated pattern of pure chalcedony (red). This shows that chalcedony is the major component in the powder. The main scattering contributions from the
iron pigment are marked with arrows. b, Chalcedony, SiO2, trigonal P 3121, a= 0.49134 nm, c= 0.54052 nm; c, haematite, Fe2O3, trigonal R-3c, a= 0.50355 nm,
c= 1.3747 nm, and siderite, FeCO3, trigonal R-3c, a= 0.46916 nm, c= 1.5379 nm; d, haematite, Fe2O3, trigonal R-3c, a= 0.50355 nm, c= 1.3747 nm, and greenalite,
Fe3Si2O5(OH)4, monoclinic C 2/m, a= 0.5390 nm, b= 0.9336 nm, c= 1.4166 nm, � = 90.01� .

The aim of the two described examples is to show the new
opportunities oVered by XRD-CT as a non-invasive structural
analytical tool for heterogeneous materials. Phase-selective virtual
cross-sections of unidentified bulk samples can be computed.
No a priori knowledge about phases, crystallite orientations or
atomic structure is required to carry out XRD-CT, on both/either
well-crystallized and/or ill-crystallized materials. For this study,
only computed 2D images have been considered, although a
3D reconstruction is a straightforward extension of the method
by using a spiral scheme already validated for fluorescence
tomography8. A global 3D scan of a (100 µm)3 volume, with a
beam footprint size of 3 µm, could be obtained in about 6 h. The
high sensitivity of XRD-CT is due to the multiple collection of
scattered patterns under the same experimental conditions but at
diVerent spatial and angular positions. Finally, for a representative
sampling, the voxel size must match the microstructural features of
the material, such as mosaicity and grain size. Given that modern
hard-X-ray (sub)microprobes nowadays achieve 50–100 nm beams,
the implementation of monochromatic submicro-XRD-CT could
be tested, provided the sample is a nanocrystalline powder sample.
The technique is not restricted to small beams but can also rely on
larger beam, from the micrometre up to the millimetre range. It
can also be extended to neutron radiation for diVraction analyses
of large or highly absorbing heterogeneous bulk samples or for
quantitative analysis of mixed amorphous phases.

The reverse analysis enables us to systematically extract the
diVraction/scattering patterns of the pure diluted single phases
from a complex mixture and opens the way to a powerful
structural probe for heterogeneous materials. Moreover, it can
be applied to either crystalline or amorphous phases even in
the case of weak absorption or fluorescence contrasts. Another
output is the possibility of in situ 3D phase distribution imaging.
For example, the material structural heterogeneity in response
to extrinsic temperature or pressure gradients can be studied.
In such a case, the contribution of the in situ cell or container
can be easily removed by computation. XRD-CT is fairly easy to
handle by non-expert users and can benefit large communities.
For instance, essential applications consist in the discrimination
of polymorphic forms and textures in palaeontology, chemistry,
medical sciences (calcified and lipidic tissues), materials science
(nanorods, nanofoams, buckminsterfullerenes, nanotubes and so
on) and biomineral studies (bones, teeth and shells28).

XRD-CT fills the gap between the quantitative structural
global probes, such as X-ray and neutron diVraction methods,
and the local compositional probes, such as X-ray fluorescence
and absorption computed tomographies or electron diVraction.
Similarly to multimodal image fusion in medical imaging, this
combination of X-ray absorption, fluorescence, diVraction and
tomography will undoubtedly become an essential non-invasive
analytical tool for researchers and engineers.

nature materials VOL 7 JUNE 2008 www.nature.com/naturematerials 471

Demonstrated ability to reconstruct Rietveld quality powder patterns (Fe pigment powder)
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Diffraction computed tomography

Diffraction computed tomography made fast and user friendly by Marco Di 
Michiel and collaborators on ID15A 
!
Now ca. 10 min for 100 x 100 grid of data. Optimised for beam sizes of 1-30 
µm
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Diffraction computed tomography
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Heterogeneous catalysis

Tool exceptionally well matched to problems  
in heterogeneous catalysis 
!
Multiple billion Euro global industry 
!
How to best optimise distribution and form of 
active catalyst? Begins with solution phase!
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example, taking a representative peak for that phase), and,
indeed any additional information available within the
diffraction signal can be used. To achieve dynamic scans on
these objects with reasonable time resolution requires a high
flux, high-energy X-ray source, and suitably fast detection, all
of which are available at modern synchrotron radiation
facilities.[22, 27,28]

We present the results of a dynamic 2D XRD-CT in situ
study showing 22 time slices (Figure 1 and Figure 2a)
recorded at one vertical position in the sample as well as
3D XRD-CT results obtained before and after the in situ
experiment (Figure 3) covering the entire sample.

Figure 1 shows a stack plot of the sum of diffraction
patterns for each slice. Nine separate crystalline phases are
identifiable from these data which were either identified by
comparison with reference patterns from the ICSD or else,
where no reference patterns exist (i.e., for the (en)-containing
phases), phase assignment is proposed based on both previous
literature and comparative analysis of temperature-pro-
grammed MS desorption data (ESI).[29] Initially, from a
diffraction perspective only peaks corresponding to reflec-
tions for the g-Al2O3 support phase were observed at room
temperature. No crystalline Ni-containing phases were
observed, although UV/Vis spectroscopy reveals that Ni is
present on the support as the complex Ni(en)(H2O)2(Al!
O)2.

[15] As the temperature approaches 100 8C, the complex
reacts with the dissociated Cl! species and CO2 to form
Ni(en)(CO3)xCl2(1!x)·x H2O characterized by a broad peak at
0.98 2q. As the temperature rises to first 325, then 400, 450,
and eventually 500 8C, this crystalline phase undergoes
subsequent dehydration and decomposition, resulting in the
formation of a number of intermediate phases including first

Figure 1. Stack plot of summed diffraction patterns recorded in each
temporal slice. For each recorded time slice, the diffraction from the
1290 recorded projections has been summed. The sum of diffraction
for the first slice is subtracted and a fixed offset is added for display
purposes. In this way we can see the evolving diffraction as the
experiment proceeds. The colored boxes indicate features of interest
which have been extracted, and it is these features that have been
reconstructed spatially in Figure 2 and the Supporting Information
(with the corresponding color scheme). The (*) denotes an unidenti-
fied contribution to the data.

Figure 2. Reconstructed 2D images of features observed in the diffrac-
tion patterns as a function of time and temperature during thermal
activation of a g-Al2O3-supported Ni catalyst precursor. a) The color
maps indicate the following distribution of solid-state phases accord-
ingly: Ni(en)xCO3 (green), Ni(en)(CO3)xCl2(1!x)·x H2O (cyan), Ni(en)-
(CO3)xCl2(1!x) (yellow), Ni(en)0.5(O)xCl2(1!x) (magneta), Ni(en)Cl2
(white), hcp Ni (red), and fcc Ni (blue) b) The thermal color maps
show the variation in crystallite size (nm). When plotted with a
common color axis (below), these indicate the growth of fcc Ni
crystallite size as the growth of the phase proceeds. For time slices 18
and 22, the data have been re-plotted with bespoke color axes (right).

Figure 3. 3D XRD-CT images of a catalyst body. a) Selected 2D slices
of the alumina distribution before (top) and after (middle) calcination,
and the fcc Ni phase distribution (bottom) after calcination. The
apparent change in the voids’ positions is due to sample movement
during calcination. b–e) Isosurface maps of sample features as mea-
sured before (b) and after (c–e) calcination generated by mapping a
surface which encloses all voxels below a certain intensity; In each, the
uncapped wire mesh (gray) corresponds to the physical boundaries of
the catalyst body. b) The red isosurfaces bound 0% alumina intensity
(showing the voids) and c) blue isosurfaces enclose voxels below 33 %
of the maximum recorded intensity for fcc Ni. d) A reproduction of (c),
but the blue isosurface has been made partially transparent. e) A
rotated version of (d) for comparison to (b) that is corrected for
sample movement.
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example, taking a representative peak for that phase), and,
indeed any additional information available within the
diffraction signal can be used. To achieve dynamic scans on
these objects with reasonable time resolution requires a high
flux, high-energy X-ray source, and suitably fast detection, all
of which are available at modern synchrotron radiation
facilities.[22, 27,28]

We present the results of a dynamic 2D XRD-CT in situ
study showing 22 time slices (Figure 1 and Figure 2a)
recorded at one vertical position in the sample as well as
3D XRD-CT results obtained before and after the in situ
experiment (Figure 3) covering the entire sample.
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patterns for each slice. Nine separate crystalline phases are
identifiable from these data which were either identified by
comparison with reference patterns from the ICSD or else,
where no reference patterns exist (i.e., for the (en)-containing
phases), phase assignment is proposed based on both previous
literature and comparative analysis of temperature-pro-
grammed MS desorption data (ESI).[29] Initially, from a
diffraction perspective only peaks corresponding to reflec-
tions for the g-Al2O3 support phase were observed at room
temperature. No crystalline Ni-containing phases were
observed, although UV/Vis spectroscopy reveals that Ni is
present on the support as the complex Ni(en)(H2O)2(Al!
O)2.

[15] As the temperature approaches 100 8C, the complex
reacts with the dissociated Cl! species and CO2 to form
Ni(en)(CO3)xCl2(1!x)·x H2O characterized by a broad peak at
0.98 2q. As the temperature rises to first 325, then 400, 450,
and eventually 500 8C, this crystalline phase undergoes
subsequent dehydration and decomposition, resulting in the
formation of a number of intermediate phases including first
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1290 recorded projections has been summed. The sum of diffraction
for the first slice is subtracted and a fixed offset is added for display
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experiment proceeds. The colored boxes indicate features of interest
which have been extracted, and it is these features that have been
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(with the corresponding color scheme). The (*) denotes an unidenti-
fied contribution to the data.

Figure 2. Reconstructed 2D images of features observed in the diffrac-
tion patterns as a function of time and temperature during thermal
activation of a g-Al2O3-supported Ni catalyst precursor. a) The color
maps indicate the following distribution of solid-state phases accord-
ingly: Ni(en)xCO3 (green), Ni(en)(CO3)xCl2(1!x)·x H2O (cyan), Ni(en)-
(CO3)xCl2(1!x) (yellow), Ni(en)0.5(O)xCl2(1!x) (magneta), Ni(en)Cl2
(white), hcp Ni (red), and fcc Ni (blue) b) The thermal color maps
show the variation in crystallite size (nm). When plotted with a
common color axis (below), these indicate the growth of fcc Ni
crystallite size as the growth of the phase proceeds. For time slices 18
and 22, the data have been re-plotted with bespoke color axes (right).

Figure 3. 3D XRD-CT images of a catalyst body. a) Selected 2D slices
of the alumina distribution before (top) and after (middle) calcination,
and the fcc Ni phase distribution (bottom) after calcination. The
apparent change in the voids’ positions is due to sample movement
during calcination. b–e) Isosurface maps of sample features as mea-
sured before (b) and after (c–e) calcination generated by mapping a
surface which encloses all voxels below a certain intensity; In each, the
uncapped wire mesh (gray) corresponds to the physical boundaries of
the catalyst body. b) The red isosurfaces bound 0% alumina intensity
(showing the voids) and c) blue isosurfaces enclose voxels below 33 %
of the maximum recorded intensity for fcc Ni. d) A reproduction of (c),
but the blue isosurface has been made partially transparent. e) A
rotated version of (d) for comparison to (b) that is corrected for
sample movement.
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The color maps indicate the following 
distribution of solid-state phases accordingly : 
Ni(en)xCO3 (green), Ni(en)(CO3)xCl2(1-x)·x 
H2O (cyan), Ni(en)- (CO3)xCl2(1-x) (yellow), 
Ni(en)0.5(O)xCl2(1-x) (magneta), Ni(en)Cl2 
(white), hcp Ni (red), and fcc Ni (blue) 	
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Very complex temporal and spatial development
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Heterogeneous catalysis

Catalytic membrane reactors developed for 
CH4 to C2 conversion

▪ Advantages: 
▪ Increased C2 selectivity 
▪ Process Intensification 
▪ Disadvantages: 
▪ Long-term stability 
▪ Sealing at high temperatures 

!
▪Membrane (BaCoxFeyZrzO3-δ): 
▪ High oxygen permeation flux 
▪ Chemical stability 
▪Mn-Na2WO4/SiO2 Catalyst 
▪ High C2 yield 
▪ High stability under high temperatures

Vamvakeros et al, Chem. Commun., 2015,51, 12752-1275
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Heterogeneous catalysis

Vamvakeros et al, Chem. Commun., 2015,51, 12752-1275

Extremely complex system 
!
diffraction computed tomography 
can resolve the multiple phases 
present 
!
Reaction between catalyst and 
oxygen membrane shown to be 
key 
!
Tour de force of in-situ 
measurement, with online reaction, 
mass spectrometry etc 
!
!
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X-ray methods have been used to image catalyst bodies under
both preparation and operation conditions16,40–43. The
diffraction-based methods, the most insightful to date, are
however limited to the bulk state. However, by their very
nature, catalytic materials are most often most efficacious when
deposited in a nanocrystalline form and then often with particle
sizeso10 nm44,45. Even then, the very active species are smaller
still, often beyond the range observable with XRD, thus rendering
the most interesting and important species unobservable by
conventional imaging46. PDF-CT offers a new opportunity to
examine these important materials.

Catalyst bodies were loaded with palladium and XRD patterns
were measured at beamline ID15A of the European Synchrotron
Radiation Facility using an XRD-CT tomographic data collection
protocol, as described in Methods. The XRD recorded from this
sample were reconstructed. The reconstructed XRD is a subset of
the PDF measurement utilizing the low Q region of the data,
where Q is the magnitude of the scattering vector (Q¼ 4psiny/l).
It can be used to look at the distribution of crystalline
components within the sample. Supplementary Fig. S1 shows a
comparison of micro-CT (m-CT) and XRD derived from the
PDF-CT image data. As to be expected, there is good correlation
between the images derived by both methods. The m-CT reveals
that a significant portion of material is deposited at the periphery
of the sample (termed an eggshell distribution); see
Supplementary Fig. S2 for an explanation of catalyst distribution
types. An important benefit of the CT approach is that it is
possible to distinguish scatter derived from the sample and that
derived from sample holders/reaction chambers; this is demon-
strated in Supplementary Fig. S3 where we see that the glass cell is
clearly spatially distinguished from the sample. Figure 2a–f shows

the reconstructed distributions of crystalline phases present
derived from the ‘diagnostic’ (002 and 111) reflections of PdO
(Fig. 2a–c) and face centred cubic (fcc) Pd (Fig. 2d–f),
respectively. Figure 2g–l shows the reconstructed distributions
of selected atomic scattering pairs pertaining to the same
crystalline phases, for example, the components with peaks at
3.44 and 2.71 Å in the radial distribution functions due to Pd–Pd
pairs in PdO (Fig. 2g–i) and fcc Pd (Fig. 2j–k), respectively.
Representative diffraction patterns and PDFs from different
portions of the sample in the various states can be found in
Supplementary Figs S4 and S5. It should be noted that there is a
strong signal from the g-Al2O3 support in every voxel, which
must be subtracted before the patterns from the Pd/PdO
contributions can be clearly observed. Despite these challenges,
which are common in this kind of study, the results are
successful. In the partially calcined state, the XRD-CT map in
Fig. 2a,d confirms that the cause of the eggshell distribution seen
in the m-CT is the presence of large amounts of both PdO and Pd
phases at the sample periphery. Importantly, although this
eggshell distribution is also observed in the PDF-CT data, the
technique also reveals a number of ‘diffraction silent’ metallic Pd
particles beyond the sample periphery and inside the catalyst
body. The observation of metallic Pd on the inside most probably
occurs as a result of thermal decomposition of the complex in the
comparatively (relative to the periphery) oxygen-poor environ-
ment. This interpretation is supported by the observation of a
halo of unreduced metallic Pd penetrating into the interior of the
catalysis body in the XRD-CT image in the partially reduced state,
which disappears on further calcination.

After further calcination, as expected, metallic Pd is oxidized to
PdO. However, it is clear from both XRD- and PDF-CT that

XRD

PdPdO

Partially
calcined

PDF

PdO Pd

Calcined

Reduced

4.0 Log I 6.5 – 9.0 – 4.0Log I

Figure 2 | Comparison of XRD-CT and PDF-CT. Comparison of information from XRD-CT and PDF-CT during calcination and reduction of 3 mm Ø
Pd/Al2O3 industrial catalyst. The XRD-CT intensity maps are determined from the profiled intensities of the (002) and (111) reflections of PdO (a–c) and
fcc Pd (d–f), respectively. The PDF-CT intensity maps are determined from the profiled intensities of the Pd–Pd scattering pairs at 3.44 and 2.71 Å as
representative of PdO (g–i) and fcc Pd (j–l), respectively. The black circle visible in j of the partially calcined sample corresponds to a void in the sample.
This is not visible in the calcined and reduced samples as measurements were performed at a different height on the sample; this is explained in
Supplementary Fig. S1. PDF-CT identifies both Pd and PdO material unseen in the XRD-CT but visible in the m-CT. Images derived from XRD and PDF
are each presented with a common log colour-scale; scale bars for each set are shown at the bottom of the figure. CT, computed tomography;
fcc, face centred cubic; PDF, pair distribution function; XRD, X-ray diffraction.
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Experiments now routinely performed under reducing/oxidising conditions  
e.g. preparation of Pd loaded catalysts 
!
Experiment can be easily modified to use pair distribution function contrast
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metallic Pd persists in the eggshell with a slightly higher loading
of Pd/PdO towards the top left hand side. The particle size in the
eggshell region is large, as the signal is clearly seen in XRD-CT
and presumably originates from the large Pd particles that are not
fully oxidized. However, strikingly, the metallic Pd in the core of
the catalyst body coming from diffraction-silent small particles is
now removed by this calcining process and replaced with PdO.
Finally, in the reduced state (after treatment in H2) the PdO is
seen to diminish completely yielding crystalline fcc Pd, with this
phase again being located predominantly at the periphery and
then preferentially on the left. Although PDF-CT data are
consistent with this observation, a smattering of unaccounted for
signal intensity within the main body of the sample because of
both Pd and PdO suggests that the conclusions drawn from XRD-
CT are not entirely complete; ‘diffraction-silent’ (nano)material is
again present.

The previous observation that the diffraction-silent PDF-CT
signal in the core of the catalyst is from small nanoparticles is
verified by further quantitative analysis. In nanomaterials, peaks
in the PDF diminish in intensity as a function of r because of
finite size effects. This happens with a characteristic functional
form depending on the particle shape and size, and can be used to
determine the crystallite size. Representative PDFs from voxels in
the eggshell and in the core are shown in Fig. 3b,c, respectively.
By direct inspection, it is apparent that the PDF signal is dying
out more quickly in the latter case, and as a consequence the
diffraction-silent nanoparticles in the centre of the catalyst body
must be very small. It is possible to model this by applying the
characteristic function for a sphere to the calculated PDF,
resulting in a good fit for a visible nanoparticle diameter of
B1.4 nm in this particular case. On the other hand, the particles
located in the shell exceed B4 nm. Importantly, this analysis
process can be applied to all the voxels to extract a map of particle
size.

Discussion
This study has demonstrated the feasibility and power of PDF-CT
for the identification and characterization of materials that lack
long-range order within the interiors of bulk objects. The catalyst
body study clearly demonstrates that the picture obtained by

traditional m-CT and XRD-CT is limited to cases where the
amount of material present is sufficient and the crystalline
component is of sufficient size or order. The PDF-CT method by
contrast provides a much more complete depiction providing
information on both the chemical and physical state of the phases
present regardless of particle size. In this study, we demonstrate
that very small nanocrystalline Pd and PdO materials are present
in the interior of the sample. The particle size in the eggshell at
the surface is B4 nm but the average particle diameter falls
quickly to B1.4 nm within a distance of a few tens of microns
from the surface and even smaller on moving to the interior of
the catalysis body. Importantly, when trying to correlate structure
with function in materials science during process operation such
as in catalytic applications, the presence of a distribution of
species is almost unavoidable but it is difficult to detect and
characterize. However, this information is vital when trying to
determine the nature of the active species, particularly so when it
has been shown that very small crystallite sizes can be extremely
active46–49. In the present study, it is not clear whether the
significant catalytic activity would originate from the larger and
more numerous particles located in the eggshell at the periphery
of the body or by the smaller ones in the interior. However, by
using dynamic PDF-CT, it is now possible to provide a more
complete picture of the catalyst sample and the evolutionary
processes by which it develops in terms of the species that form
and their physical properties, rendering this the preferred
technique to allow us to develop more robust structure–activity
relationships in the future in real catalyst samples and ultimately
to guide catalyst design.

PDF-CT is not limited to the study of catalysts and we expect
the method to have application to many other fields of research,
for example, biomaterials, materials science, chemistry, geology,
environmental science, palaeontology and cultural heritage. The
relatively fast acquisition times associated with collection mean
that high-resolution imaging in two-dimensional and three-
dimensional (4D), or else time-resolved imaging, is currently
possible, as has been demonstrated with conventional XRD-CT15.
No one technique can provide all of the information required to
fully characterize an unknown sample. PDF-CT in the form
presented herein, however, can be considered a dual technique:
the reconstructed XRD-CT being a subset of the PDF-CT enables
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(approximately >80 keV) are ideal for probing such high-density
materials because of the large attenuation lengths involved (in
the region of tens of millimeters for hard biomaterials at these
energies). Recording XRD patterns in a transmission geometry
and combining this with a computed tomography data acquisition,
we can non-destructively image cross-sectional slices of the inter-
nal crystalline structure [10]. We have demonstrated the method
by probing the complex hierarchical crystalline structure of a hu-
man molar tooth down to a resolution of 150 lm.

2. Materials and methods

Measurements were undertaken at beamline ID15A at the ESRF,
France. A monochromatic X-ray beam of energy 86.7 keV and size
150 ! 150 lm2 was horizontally scanned across the sample in a to-
tal of 100 steps with a step size of 150 lm. This was coupled with
rotation around the vertical axis through 180! in a total of 80 steps,

resulting in the collection of 8000 diffraction patterns per tomo-
graphic slice. Diffraction patterns were recorded in a transmission
geometry using a Pixium 4700 flat panel detector with a count
time of 150 ms. The total acquisition time, including scan dead
time, was about 25 min per tomographic slice. Diffraction images
were azimuthally integrated, yielding 1-D patterns for every trans-
lation and rotation step. Since the tooth showed strong preferred
orientation, we also performed selective radial integration span-
ning individual diffraction peaks to produce 1-D azimuthal inten-
sity profiles. Tomographic reconstruction was performed for
every angle of diffraction covering 3000 channels using the simul-
taneous algebraic reconstruction technique (SART) method, with
in-built absorption correction and non-negativity constraint [11].
Absorption maps were obtained by thresholding total scatter
intensity images to segment enamel and dentine regions, which
were correspondingly assigned X-ray attenuation coefficients of
l = 0.738 and 0.470 cm"1, respectively. These values were calcu-
lated based upon the summed weighted mass attenuation coeffi-
cients at 86.7 keV for each elemental constituent in HA (Ca, P, O
and H). Attenuation coefficients were then obtained by multiplying
this value by the (water-adjusted) mass density for enamel and
dentine, respectively. Absorption maps were then fed back into
the reconstruction algorithm to obtain the absorption-corrected
tomograms. The maximum total attenuation for the tooth sample
was calculated to be about 53% with a mean attenuation of about
31%.

A human adult maxillary third molar tooth (FDI World Dental
Federation notation: 18) was obtained from a patient undergoing

Fig. 1. XRD tomography. (a) Total scattering intensity from four horizontal
tomographic slices from a molar tooth. Mesial (M) and distal (D) sides are
indicated. (b) An XRD pattern from an arbitrary pixel within the tooth, showing a
clear hydroxyapatite structure. The inset shows a typical 2-D area diffraction
pattern exhibiting incomplete Debye–Scherrer rings (e.g. arrowed (red) showing
(100) and (002) Bragg peaks) indicative of preferred orientation.

Fig. 2. Imaging tooth decay. (a) Tomographic slices III and II recorded at 2h = 1.65!
showing localized regions of increased intensity corresponding to caries. (b) XRD
patterns (log scale) from healthy and decayed regions.

8338 C.K. Egan et al. / Acta Biomaterialia 9 (2013) 8337–8345

Beyond phase identification…

Full power of diffraction computed 
tomography applied to human teeth 
!
Many questions about decay, strength of 
enamel (mineralised calcium hydroxy 
apatite)

Egan et al, Acta Biomaterialia 9 (2013) 8337–8345 
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photographs of the tooth show carious regions in the grooves be-
tween cusps commensurate with that seen here by HEXRD-CT.
One previous study has also associated amorphization to enamel
decay by directly comparing XRD patterns from known carious
and healthy regions [12]. Here we have imaged this decay process
on the micron scale, without prior knowledge. The tooth decay ap-
pears via amorphization of the crystalline structure, and we have
been able to map the extent of decay within the tooth.

Another key advantage of HEXRD-CT is the ability to determine
structural information in an arbitrarily defined part of the sample.
In this case, we observed a clear systematic spatial variation in
peak broadening across the tooth. We interpret this as a spatial
variation in crystallite size as calculated by the Scherrer equation
[13]: D = Kk/bcosh, where D is the crystallite size, K is the Scherrer
constant (here K = 0.9), k is the X-ray wavelength, b is the full
width at half maximum of the diffraction peak and h is the angle
of diffraction. Crystallite shape is described by the constant K
which is loosely constrained to values between about 0.5 and 2
depending upon the shape considered (although values of 0.9 are
widely used). An assumption therefore has to be made about the
crystallite shape, and as such the absolute values from Scherrer
analysis are always suspect, even though it is a regularly used
method in crystallography. A more robust analysis that takes into
account any microstrain (non-uniform strain which can also
broaden peaks) is to use the Williamson–Hall method which takes
into account any 2h variation in broadening [14]. We considered
the (h00) family of planes and discovered zero microstrain in this
analysis; we therefore conclude that the observed peak broadening
is due to nanocrystallite size variations alone. Fig. 3 shows maps of

the nanocrystallite size for each of the four tomographic slices cal-
culated via fitting using a Gaussian function to the (100) Bragg
peak. We can see there is a clear increase from the enamel–dentine
junction towards the outer surface of the enamel, which is perhaps
related to the mechanical hardness variation in the dental enamel.
Dentine shows a small crystallite size due its poor crystallinity
[13].

In doing this analysis, peak fitting also yields background offset
parameters which can also be mapped. This parameter gives us a
measure of the background intensity, i.e. related to the amorphous
content within the tooth. Maps of this parameter for each of the
tomographic slices are presented in Fig. 4. We can see high values
in the vicinity of the dentine, but not exclusive to those regions. For
example, we can see larger values in other slices which do not di-
rectly contain dentine. We interpret these results as relating to the
spatial extent of organic matter (which would give an amorphous
signal in XRD) within the tooth. Dentine will obviously contain a
large amount of organic matter as is suggested; however, these re-
sults also show that there is a non-distinct organic material inter-
face between the dentine and enamel regions. These results also
suggest that organic matter is not prevalent near the outer surfaces
of the enamel.

Going further, we have employed whole pattern fitting using
the Le Bail method to extract unit cell lattice parameters for every
voxel in each tomogram. An example of a typical XRD pattern to-
gether with the calculated pattern for P63/m is shown in Fig. 5a.
Black crosses show the observed data points whilst the solid red
line shows the calculated pattern. The difference (observed–
calculated) is shown underneath (green line), indicating a good

Fig. 6. Mapping texture. (a) A typically ‘‘unrolled’’ 2-D area diffraction pattern clearly showing azimuthal variations in intensity indicating preferred orientation. (b) Extracted
azimuthal intensity profile with associated fitted line. (c) 3-D line vectors showing the mean orientation of HA crystallites along the c-axis for the penultimate tomographic
slice. (d) Texture distribution maps for each of the four tomographic slices.
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Very detailed analysis allowed extraction of preferred orientation (along load direction) 
!
Variations in lattice parameters reflect compositional changes 
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The second phase of the Upgrade Programme, launched in 
2015, is remarkably different … It includes the delivery of 
the first of a new kind of storage ring based synchrotron 
source with a normalised horizontal emittance of at least a 
factor 10 better than any existing or currently planned 
projects, and at least a factor 100 more brilliant than the 
ESRF source today. …ESRF Management has decided to 
highlight this second phase of the ESRF upgrade by 
choosing a name to emphasize the new project's main 
deliverable - a new source - and its principal attribute with 
respect to what is presently available or planned worldwide 
- Extremely Brilliant.

What about the future?
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ID15- A new beam line for materials chemistry ID15A- A new beam line for materials chemistry and materials engineering 

Next generation of light sources will be bright enough for ‘chemically resolved x-ray vision’ in 
3D 
!
WIll become a standard technique for all areas of science (chemistry, materials, cultural 
heritage etc), much like computed absorption tomography 
!
ESRF upgrade will be ~20 years since technique first used on ID17

What about the future?
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