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European Synchrotron Radiation Facility history

@ESRF

Opened in 1994

21 partners nations

43 beamlines

More than 6000 scientific users as employees
or visiting scientists

3rd generation synchrotron

6GeV and up to 200mA

Not the only ring of power over the world !!!

@Veqter
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X‐rays as a vizualization tool

Discovered by Wilhelm Röntgen

Electromagnetic wave of high energy and short wavelength

Can penetrate many kind of materials

Energy between 0.1KeV and 100KeV

Principles of synchrotron radiation
Discovery of synchrotron radiation (1st generation)

Synchrotron radiation is a polarized
radiation emitted by a charged particle
spinning in a magnetic field

In case of electrons, they are deviated by 
magnetic device, 
Loss of energy as synchrotron light
First considered as parasitic noise

Dedicated sources and 
increasing power in 2nd generation

beamlines

Synchrotron light

Synchrotron
booster

Linear
Accelerator

(Linac)

electrons

Storage ring

@From Tafforeau 
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3rd generation synchrotron organization
General structure

@ESRF

3rd generation synchrotron organization
LINAC

@ESRF

LINear ACcelerator

100KeV triode gun

@ESRF

Release bunches of electrons at 200MeV
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3rd generation synchrotron organization
Booster

@ESRF

Accelerating electrons almost at the speed of light and at
6GeV

300 meters of circumference

3rd generation synchrotron organization
Storage ring

@ESRF

844m circumference
Trying to keep the speed of the bunches of electrons

Circular direction by changing orientation 
of the electrons using magnetic fields

Radiofrequency cavities between
magnetic devices to maintain the speed 
of electrons

@ESRF
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3rd generation synchrotron organization
Storage ring

Insertion device

Wiggler or Undulator

Addition of small magnet

Undulation of the electron beam
Radiation at each magnet

Interference between radiation when they overlap

Photon emitted a certain energies

Bending magnet

Bending electrons in their orbit

Deflection from the straight trajectory
causes production of X‐rays tangential

@ESRF

@ESRF

3rd generation synchrotron organization
Beamlines

@ESRF@ESRF
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3rd generation synchrotron organization
Beamlines

@ESRF

@synchrotron‐soleil.fr

Beam passing through devices on the optical hutch (filters, monochromators,…)

To have the required energy and flux of the beam

Sample, detectors and cameras on the experimental
hutch

Large range of possible uses of a synchrotron

Diffraction contrast tomography Laminography Tomography Radiography

Phase contrast imaging X‐ray diffraction Coherent diffraction imaging

Small angle X‐ray scattering Magnetic optical Kerr effect Diffraction anomalous fine structure 

X‐ray photon correlation spectroscopy X‐ray reflectivity X‐ray fluorescence 

Powder diffraction  X‐ray dichroism X‐ray detected magnetic resonance
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Tomography
Definition

Computerized reconstruction of cross‐sectional slices within a 
bulky object, based on 2D radiogtraphs collected during
rotational movement

Advantage of accessing non‐directly visible information without
destroying the specimen

@From Fernandez 2010

Tomography
Definition

@From Tafforeau 
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Tomography
Definition

Tomography
Methods

Absorption based CT

Differential absorbance properties of different
material within the sample

Two dimensional projections combined in three
dimensional reconstruction

Scintillators absorbs energy of a particle and emits
(scintillate the absorbed energy in visible light)

@From Fernandez
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Tomography
Methods

X‐ray attenuation by sample with monochromatic beam

Source

Detector

Sample

@Modified from P.Bleuet

Tomography
Methods

X‐ray attenuation by sample with monochromatic beam

Source

Detector

Sample

@Modified from P.Bleuet
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Tomography
Methods

X‐ray attenuation by sample with monochromatic beam

Source

Detector

Sample

Variation of beam intensity before and after the sample. This attenuation is linked with sample composition and 
its thickness

@Modified from P.Bleuet

Tomography
Methods

X‐ray attenuation by sample with monochromatic beam

Source

Detector

Sample

μ II0

d

I = I0 e
‐μd μd= ‐ln(I/I0)

I0 Incident beam

I Transmitted beam

μ Linear coefficient of absorption (depending on energy and sample composition)

d Thickness of sample
@Modified from P.Bleuet
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Tomography
Methods

Beam hardening and monochromaticity

Tomography and microtomography using conventional X‐ray sources suffer from beam hardening as a direct 
consequence of using polychromatic sources

Beam hardening=differentail absorption of the X‐ray spectrum by the sample, with the lowest energies being more 
absorbed than the higher. The transmitted beam is therefore harder (contains more higher energies) than the 
incoming beam

This introduces misleading density data on the reconstructed slices with brightening of the sample borders and 
poor contrast within dense structures

Using a synchrotron allows to use monochromatic beam which remove origins of beam hardening effect

Tomography
Methods

Beam hardening and monochromaticity
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Tomography
Methods

Beam hardening and monochromaticity

Tomography
Methods

Beam hardening and monochromaticity
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Tomography
Methods

Beam hardening

Partial absorption 

With beam hardening Without beam hardening

@ImPACT

Tomography
Methods

Monochromatic beam CT

Monochromatic beam works in a very narrow
spectrum

No large energy differences that can cause beam
hardening

Reflection on cristalline plans for separating colors

Not working under 10 % transmission (harmonics of 
the energy starts being visible@From Fernandez
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Tomography
Methods

Monochromatic beam CT

Conventional X‐ray CT 
slice

ID 19 beamline, 
monochromatic beam, 
no beam hardening

Korapithecusmolar (fossil primate)

Tomography
Methods

Filtered white beam CT

Filtration of the white beam at the highest and 
lowest wavelengthPink beam

Can counteract beam hardening but not as 
efficiently as monochromatic beam

Only with an undulator

@From Fernandez
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Tomography
Methods

Propagation phase contrast CT

Interference based on differences in phase caused
by differences of density with variations of 
composition

Phase shift (change in relative position of the 
electromagnetic waves) and attenuation (decrease
of the amplitude)

« Differential refraction » at the media fringes can
highlight internal structures in the sample

Increase of propagation distance reveal finer phase 
shifts until a limit at which phase fringes start to be
less clear

Optimal distance between the sample and the 
detector depending on resolution and energy

Holotomography uses many distance of propagation

@From Fernandez

Tomography
Methods

Propagation phase contrast CT

Absorption
d=6mm

Older terrestrial plant from Rhyni modified from Tafforeau and Kaminsky
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Tomography
Methods

Propagation phase contrast CT

Absorption
d=6mm

Phase contrast
d=100mm

Older terrestrial plant from Rhyni modified from Tafforeau and Kaminsky

Tomography
Methods

Propagation phase contrast CT

Absorption
d=6mm

Phase contrast
d=100mm

Phase contrast
d=300mm

Older terrestrial plant from Rhyni modified from Tafforeau and Kaminsky
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Tomography
Methods

Propagation phase contrast CT

Absorption
d=6mm

Phase contrast
d=100mm

Phase contrast
d=300mm

Holotomographic
reconstruction

Older terrestrial plant from Rhyni modified from Tafforeau and Kaminsky

Tomography
Methods

Propagation phase contrast CT

Absorption
d=6mm

Phase contrast
d=100mm

Phase contrast
d=300mm

Holotomographic
reconstruction

Oldest terrestrial plant from Rhynie modified from Tafforeau and Kaminsky
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Tomography
Methods

Flux and energy

Example of an archaeological glass

20 KeV

Beam hardening

C.Loisel

Tomography
Methods

Flux and energy

Example of an archaeological glass

20 KeV 30 KeV

Decrease of beam
hardening

C.Loisel
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Tomography
Methods

Flux and energy

Example of an archaeological glass

20 KeV 30 KeV 40 KeV

Optimal energy
for this sample

C.Loisel

Tomography
Methods

Flux and energy

Example of an archaeological glass

20 KeV 30 KeV 40 KeV 60 KeV

Increase of absorption 
and loss of quality

C.Loisel
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Tomography
Methods

Flux and energy

Example of an archaeological glass

20 KeV 30 KeV 40 KeV 60 KeV

Energy is not all, sometime necessary to decrease it in a way to keep a good flux (amount of photons in the beam
transmitted to the detector after passing through the sample)

C.Loisel

Tomography
Methods

Flux and energy

Example of an archaeological glass

20 KeV 30 KeV 40 KeV 60 KeV

Energy is not all, sometime necessary to decrease it in a way to keep a good flux (amount of photons in the beam
transmitted to the detector after passing through the sample)

C.Loisel
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Tomography
Methods

Used methods dependant of the beam geometry

Sample

Beam

Slits

CCD

CCD

Parallel geometry (synchrotron source): exact reconstruction algorithm, the resolution is
limited only by the detector

Conical geometry (lab source): approximate reconstruction algorithm, the resolution depends
on the detector and of the source properties (size, divergence) Feldkamp algorithm

@Modified from P.Bleuet

Tomography
Methods

Advantages of synchrotron source compared to lab sources:

‐Accurate control of the bandwith (limit beam hardening)
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Tomography
Methods

Advantages of synchrotron source compared to lab sources:

‐ Accurate control of the bandwith (limit beam hardening)

‐Better control of energy (setup depending on the sample thickness and composition to aquire more 
precise datas)

Tomography
Methods

Advantages of synchrotron source compared to lab sources:

‐ Accurate control of the bandwith (limit beam hardening)

‐ Better control of energy (setup depending on the sample thickness and composition to aquire more 
precise datas)

‐Parallel beam (Having parallel boundaries of the beam limits magnification)
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Tomography
Methods

Advantages of synchrotron source compared to lab sources:

‐ Accurate control of the bandwith (limit beam hardening)

‐ Better control of energy (setup depending on the sample thickness and composition to aquire more 
precise datas)

‐Parallel beam (Having parallel boundaries of the beam limits magnification)

‐Coherence of the beam

Tomography
Data reconstruction

Flat field correction

I : Radiograph of the sample

Sample visible but with a lot of noise around

Aim of this methodRemove a certain degree of 
unwanted noise from the projections by creating a 2D 
map of linear attenuation of the sample
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Tomography
Data reconstruction

Flat field correction

I0 : Reference of the beam

Picture without sample

Irregularities from the detector and the 
beam

Tomography
Data reconstruction

Flat field correction

D : Dark noise of the camera

Electronic noise of the detector

No beam
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Tomography
Data reconstruction

Flat field correction

Remove noise

Normalization

Resolve exponential decay

Produce an image that represents the 
pure signal from absorption or phase 
contrast by the sample

I ‐ D
Image=‐ln

I0‐ D

Tomography
Data reconstruction

Flat field correction

Remove noise

Normalization

Resolve exponential decay

Produce an image that represents the 
pure signal from absorption or phase 
contrast by the sample
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Tomography
Data reconstruction

Slice reconstruction

=
Good lateral resolution

Just one projection does not allow to access the 
depth of the sample

Impossible to distinguish both sample with only
one projection

Radiograph is a 2D representation of a 
3D object

Sum of attenuation along the beam

@Modified from P.Bleuet

Tomography
Data reconstruction

Slice reconstruction

Need to take at least 2 projections at 90° to highlight 
differences

@Modified from P.Bleuet
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Tomography
Data reconstruction

Slice reconstruction

Summing the 2 projections 
create a cumulative 2D value 
for each pixel based on the 1D 
attenuation signature

But 2 projections are not 
enough to find the real shape
of the samples

@Modified from P.Bleuet

Tomography
Data reconstruction

Slice reconstruction

@Modified from P.Bleuet
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Tomography
Data reconstruction

Slice reconstruction

2 projections 0, 90 °

@Modified from P.Bleuet

Tomography
Data reconstruction

Slice reconstruction

2 projections 0, 90 ° 3 projections 0, 45, 90 °

@Modified from P.Bleuet
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Tomography
Data reconstruction

Slice reconstruction

2 projections 0, 90 ° 3 projections 0, 45, 90 ° 30 projections

Tomography
Data reconstruction

Slice reconstruction

2 projections 0, 90 ° 3 projections 0, 45, 90 ° 1000 projections
30 projections

@Modified from P.Bleuet
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Tomography
Data reconstruction

Slice reconstruction

2 projections 0, 90 ° 3 projections 0, 45, 90 ° 1000 projections
30 projections

Even when increasing the number of projections there are still problems with
the background

Using a high pass filter is a cut‐off of signals under a certain level, basically the 
air around the sample

@Modified from P.Bleuet

Tomography
Data reconstruction

Slice reconstruction

2 projections 0, 90 ° 3 projections 0, 45, 90 ° 1000 projections
30 projections

Even when increasing the number of projections there are still problems with
the background

Using a high pass filter is a cut‐off of signals under a certain level, basically the 
air around the sample Filtered back projection

@Modified from P.Bleuet
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Tomography
Data reconstruction

Slice reconstruction

@S.W.Smith @S.W.Smith

High pass filter

Tomography
Data reconstruction

Slice reconstruction

Number of optimal projections 
determined by: 

/2matrix_size

Theoretically, less projections are 
required in synchrotron 
microtomography dealing with 
parallel geometry  (projections at 0 
and 180° are symmetrical)

@Fernandez

Quantitative

Semi‐quantitative, 
structural details

Noise/Artifacts
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@modified from P.Bleuet
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Tomography
Data reconstruction

Slice reconstruction

Fossil and plants in amber

10 projections

Tomography
Data reconstruction

Slice reconstruction

Fossil and plants in amber

50 projections
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Tomography
Data reconstruction

Slice reconstruction

Fossil and plants in amber

100 projections

Tomography
Data reconstruction

Slice reconstruction

Fossil and plants in amber

200 projections
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Tomography
Data reconstruction

Slice reconstruction

Fossil and plants in amber

400 projections

Tomography
Data reconstruction

Slice reconstruction

Fossil and plants in amber

1200 projections
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Tomography
Data reconstruction

Slice reconstruction

Projection: Normalized radiograph
of the sample

Sinogram: Image with all the angular
steps obtained during the sample
rotation for a single line of the 
detector

Tomography
Data reconstruction

Slice reconstruction

Tomograpic reconstruction of the 
slice corresponding to the sinogram



01/02/2017

37

Tomography
Data reconstruction

Slice reconstruction

Reconstruction of all the slices…

Tomography
Data reconstruction

Slice reconstruction
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Non destructive method for the sample itself but what about its structure ? 

Homo neanderthalensis: 36 Ky

Old fossils:

No risk for X‐ray imaging

Australopithecus sediba: 1.97 My

Imaged at the ESRF in 2009

Carlson,..., Tafforeau, ... Science, 2011

Recent fossils: 

Risk of aDNA degradation
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2013‐2015 average dose reduction by 30 times

‐98.4%‐98.4%

‐95.3%‐95.3%

‐88.0%‐88.0%
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‐99.4%‐99.4%

‐98.1%‐98.1%

‐98.3%‐98.3%

Since 2014, only the sub‐micron resolution scans can 
significantly degrade aDNA. All the other 

configurations are in the safe range, and we are still 
pushing down the dose.
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