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un outil multi-technique et multi-échelle pour les études 

morphologiques, microscopiques et chimiques



• Introduction: brief history of X-ray imaging

• Why to use X-rays for imaging?

• Traces life in ancient rocks

• X-ray nano-imaging at Synchrotron Soleil: the Nanoscopium

beamline

• Outlook: perspectives and challenges

Outline



1895 Nov. 8: Wilhelm Conrad Röntgen discovered (accidentally) 

an image cast from his cathode ray generator, projected far 

beyond the possible range of the cathode rays (electron beam)

General public and great scientific interest 

X-radiation: "Unknown“-radiation

The first “X-ray imaging application”

hand of Mrs. Röntgen a week after his discovery

X-radiation: can traverse relatively thick objects 

Introduction



Introduction

It became rapidly a widely used tool in several fields e.g. medical imaging

Source: X-ray tubes

1906 Charles Barkla:  

X-ray scattering 

characteristic X-rays of elements

1913 Bragg, father and son:

build the first x-ray spectrometer

1912 Max von Laue, Paul Knipping, and Walter Friedrich:  

X-ray diffraction by crystals. 



“X” radiation: electromagnetic radiation

λ λ λ λ wavelengths of hard X-rays (�5 keV) ~size of atoms

λ(λ(λ(λ(X-rays)<< λ(<< λ(<< λ(<< λ(light)

Extend microscopic imaging: 

to probe structures much smaller than with visible light microscope

Resolution : ∼λ/ΝΑ ∼λ/ΝΑ ∼λ/ΝΑ ∼λ/ΝΑ (numerical aperture)

elemental specificity 

to see « through » opaque objects without cutting them

Introduction



Sample

Sample stage

Detection

system

Illumination

Visible light µ-scope

Image forming

objective

X-ray imaging contrasts

are invisible to human eye

Unlike visible light, X-rays

weak reflection/refraction

Dedicated detectors: film, charge-

coupled device (CCD), pixel detector, 

or energy resolved detector

X-ray focusing optics

X-ray Microscope



Early X-ray microscopes: 

• Paul Kirkpatrick and Albert Baez used 

grazing incidence reflective optics,  parabolic 

curved mirrors (KB mirrors)

• Focusing X-rays: tiny fresnel zone plates 

(FZP), 

• concentric gold or nickel rings on a 

silicon dioxide substrate. 

The first X-ray microscope was developed during the 1950s.

Sir Lawrence Bragg produced some of the first usable X-ray images with his 

apparatus in the late 1940s.

X-ray Microscope



Sample stage

2D 

detector
X-ray optic 1: 

condenser/illumination

X-rays

X-ray optic 2: image-

forming objective

2D image: ”one-shot”

Full field X-ray Microscope



Sample

Sample stage

Detectors

X-ray optics: focusing

X-rays

2D image is collected step-by-step, pixel-by-pixel

Scanning X-ray Microscope



Soft X-ray range 

(284-543 eV)

New sources:

1968: first synchrotron, Tantalus I (Univ. Wisconsin, USA)

1971: ACO ring Orsay

X-rays

X-ray Imaging



Soft X-ray range (284-543 eV)

Full field imaging :

• 1976 at DESY, Hambourg: 200 nm spatial resolution

• 1978: ACO storage ring, Orsay, 150 nm-70 nm -50 nm resolution

• The ACO microscope was demounted in 1982 and was installed at 

BESSY (Berlin) in 1983 at dedicated beamlines

Scanning imaging: 

• 1988-90, J. Kirz, Berkeley, 50 nm resolution

The first X-ray “nanoscopes”



Mostly at synchrotrons (bright X-ray sources) 

laboratory microscopes: rapid development

X-ray micro-/nanoimaging today



Resolution, intensity depends on the optical quality of the X-ray optics

micron 100-200 nm 50 nm ~10 nm

Under fast development

e.g. Sakdinawat, A., & Attwood, D. (2010). Nanoscale X-ray imaging. Nature Photonics, 4(12), 840–848. 

faster µ-scopes better spatial resolution new imaging contrast 

Soft X-rays (284-543 eV)

1950-1980 1990 2000 Now

1950 1980 Now

hard X-rays (5-30 keV)

X-ray imaging today

Best spatial 

resolution



Resolution: ~∆∆∆∆r smallest structure

Fabrication accuracy: ∆∆∆∆r/3 ~3 nm 

Aspect ratio:  h/∆∆∆∆r

Intensity: ~D

Elliptical mirror shape with

0.2 nm figure error over 10 mm 

<nm roughness

• nanofabrication 

• mirror polishing

• overall stability

X-ray imaging today

KB mirrorsFZP

D: 50-500 µm

h

Technical challenge



The signals result at or near

the surface (<0.2-0.3 µm) of 

the sample. 

Sample

preparation
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Why to use X-rays for imaging?

e- µ-scopy



Minimal sample preparation

Large (~100 µm) penetration/information depth

Multimodal measurements:        

morphology

elemental content 

valence state in certain conditions

Why to use X-rays for imaging?



Complex and heterogeneous systems 

Microorganisms in rocks

Metal uptake, sequestration mechanisms

Geobiology, environmental sciences

Well adapted to study

Scanning hard X-ray imaging



X-ray imaging: application in geobiology

When and how life arose on Earth? 

Life  leaves  peculiar  traces  in  the  rock  record, microfossils,  

bioconstructions,  isotopic  fossils, molecular fossils, biominerals and 

bio-alteration  evidences.  

However, these biomarkers are often incomplete and inconclusive.



The understanding of the evolution of early life in Archean rocks:

new  tracers are needed

Metals

• are  widely  used  by  all  microorganisms as:

• essential  micronutrients 

• structural element

• catalytic centers of enzymes 

• electron donors /acceptors  during  the  metabolic  

activity  of  microorganisms

X-ray imaging: application in geobiology

could  act  as  indicators  of  past microbial  activity  in  the  rock  record 



Metals

X-ray imaging: application in geobiology

could  act  as  indicators  of  past microbial  activity  in  the  rock  record 

• Influence  of microorganisms  on  metal  distribution  

• Abiotic  processes, passive  metal  absorption  on biofilms or  

metal remobilization caused by diagenesis

must be distinguished from



• layered meso-structures, heterogeneities at different scales (from 

dm to  nm)

• dominated  the  Earth  for  almost  85 % of  the Earth history

• can be found in Australia (3.5-3.2 Ga)   and  in  South  Africa  

• today only  in  chemically/physically confined environments

Search for primitive life in stromatolis

Stromatolites: oldest macroscopic 

evidence of life on Earth



• 2.72 Ga old Tumbiana Formation=particularly  well  preserved  

low-grade metamorphic overprint

temperature of re-equilibration T<300 °C

• numerous  globules  of  carbonaceous material associated with 

aragonite clusters

interpreted as remnants of the stromatolite-building life

Pilbara Drilling Project (P. Philippot) 

(IPGP and the Geological Survey of 

Western Australia) 

Search for primitive life in stromatolis from from the 2.72 Ga 

old Tumbiana Formation (Western Australia) 



Complex systems 

buried, well-preserved structures

multiscale from cm² to µm² (cell) study of:

• metals (distribution, speciation and association)

• sample morphology in organic  matter,  minerals  and  metals

to keep the spatial relationships 

non-invasive study

Needed

Search for primitive life in stromatolis from the 2.72 Ga old 

Tumbiana Formation (Western Australia) 

Multiscale scanning X-ray imaging



X-ray illumination

Scanning hard X-ray imaging

Sample

X-ray fluorescence: 

Composition, chemical stateMetals



Scanning hard X-ray multitechnique 2D/3D imaging

An important challenge of Precambrian geo-biology is to 

document accurately the relationship between morphology and 

chemical composition of individual microfossils and their 

surrounding mineral matrix

• Delicate nature of fossil microorganisms 

• Inherent difficulties for discriminating true fossils from 

artifacts



X-ray illumination

Scanning hard X-ray imaging

Sample

Detector2: 

transmission, dark 

field, phase contrast

X-ray fluorescence: 

Composition, chemical state

Simultaneous multi-technique



Projection

“tomos” (in Greek): section

Tomography: generation of narrow virtual sections through an object

preferably by a non-invasive process 

Computed tomography only became feasible with the development of computer signal 

processing capabilities in 1960’s

Mathematical reconstruction to produce a 

pseudo 3D image

Computed tomography (from 2D to 3D) 

2D projection images at different angles



Nanoscopium: hard x-ray nanoprobe beamline at Soleil

Extreme stability

~200 m long building extension

beam stability:  5-10 nanometers (size, position)



26 m 27.8 m

Mirrors

Exp stations

Nanoprobe

Source
85 m

Secondary 

source

monochromators

Nanoscopium: a 155 long X-ray multimodal “nanoscope”

30-200 nm spatial resolution

Sample

Exp Hutch1 Exp Hutch2

145 m 155 m

X-ray illumination



Multi-scale imaging (mm-µm range) with adapted resolution (µm-nm)

Large field of view high precision

Statistically relevant information

2D imaging and 3D tomography: 

elemental and morphological variaton

Fast multi-technique scanning imaging at Nanoscopium

Under commissioning, open for users from 2015



Laboratory nanoprobes

Emerging synchrotron beamlines towards routine 50-100 nm resolution

• Combination of techniques

• Fast measurements

• More intense sources

Outlook: perspectives and challenges

Emerging new siencetific possibilities



Outlook: perspectives and challenges

Fast measurement and combined methods: ~500 Gbyte/3D image raw

data in some hours

Big data:

• data handling and interpretation also in 3D

• multistatistical analyzis

• find rare events

• Correlation, spatial confinement, co-existance

Dose

New challenges in X-ray microscopy



Merci pour votre attention!

Equipe Nanoscopium
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