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C. W. Röntgen 
November 8, 1895, Röntgen discovered X-rays 

– The birth of X-ray Science 



 
 



Franz Pfeiffer  
Phase Imaging and 
Tomography   

Today with Sy. Light we even get phase contrast images 

absorption  phase contrast 

F. Pfeifer et al. , 
July 2005, 17.5 keV x-rays, 
synchrotron results, 
ID 19/ ESRF  



 
 

Centennial of X-ray diffraction  
in 1912 – Friedrich, Knipping, Laue 

ZnS – diffraction pattern 

Max von Laue 



 
 

Diffraction & 
Spectroscopy 

• X-rays 
• Neutrons 
• Visible light 

 
 
 

• Braggs Law 
λ = 2dsinθ 

θ 

Sir William 
Bragg 

Sir Lawrence 
Bragg 

1912/13 



1960’s 
• The era: 

– Cold War  
– Vietnam War 
– Cultural Revolution in China 
– Student revolution and flower power 
– First electronic calculators  
– Pope Paul VI declares opposition to the pill 
– First tabletop microwave ovens on market 
– Beatlemania starts 
– First Apollo Moon landing 1969 

 



Still to come… 

• First large storage ring SPEAR and DORIS 
• Personal computer ~1978 
• WWW ~ 1990 
• FELs ~2000 

 



 
 

Accelerators in the 60’s 
• Synchrotrons NINA, DESY, BONN, Cornell… 
 -Tomboulian and Hartmann (1956); first spectroscopy;  
 -Parratt (1959) realized that such machines with larger electron energies “ 

would be a boom in many aspects of X-ray physics” 

First SR tests on the DESY Synchrotron 1965 
 -spectroscopy on atoms and gases starts 
 -photoemission spectroscopy starts – bandstructure made visible 

• First storage rings came into operation in the 70’s 
– 1976 I saw my first EXAFS spectrum taken at SSRL – a storage ring!!! 

 
  Conclusion: this is the source of the future!!! 



Colliders Global Origins 

– AdA  
– Bruno Touschek 

Frascati  
e+ - e-  250MeV  
 ~1960 

 



 
 

Diamond Light Source 



 
 

Synchrotron Radiation Research worldwide 

SR user:   ca 45.000-50.000  worldwide 
                            ca 17.000  Europe 

SR sources:  
Worldwide:  
about 67  operational 
or  under constr./plan. 
. 
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Challenge is to make it a Next Generation SL   
    USER Facility • 1st generation:  

 machines originally built for other 
purposes e.g. high energy physics 

• 2nd generation:  
 purpose-built machines for 

synchrotron radiation (e.g. SRS) 
• 3rd generation:  
 higher brightness machines using 

special “insertion devices” (e.g. 
ESRF) 

 
• Next Generation Facility: 
 remote automatic control,  
 robots for sample handling,  
 grid access 

Diamond is a 3rd -Generation SL Source 

Spring8 upgrade

APS ERL 

Diamond
ESRF

2nd generation

1st generation

X-ray tube
X-ray tube

Microfocus tube
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Moore's law  for PC 
transistors

Brightness of X-ray sources 

USR 



Needs stable accelerators and 
beamlines… 

 
sub-micrometer,  
sub-microradian,  

constant electron current, 
few pico-second bunch length 



 
 

How do we do experiments ? 





 
 

Surface and Interface Structural Analysis Beamline SISA at Diamond 
(Tien-Lin Lee et al) 



 
 

 Expect huge advances in beamline 
instrumentation:  

 detectors, computing, mirrors, lenses… 



 
 

What about material science 
and engineering? 



 
 

Probing Intragranular Deformation by  
Micro-beam Laue Diffraction 
(A Korsunsky, et al, Oxford Univ., I Dolbnya) 

B16 

• Developed a novel microbeam Laue diffraction setup on B16 
• for determination of dislocation density distribution and micro-
level strains  

Plot of Laue Spot evolution with loading in a “Streaking” 
grain, a “Soft” grain and a “Hard” grain. 
Tomography of crack formation 



 
 

  
 Let’s diffract from a crystal… 



 
 

1953 Crick & Watson solve the structure of DNA - the 
famous Double Helix 

Rosalind Franklin - Measured the first  
high-quality X-ray diffraction pattern  
from DNA and deduced  the basic  
helical structure of DNA. 
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2011 

Cumulative number of structures in the PDB 

myoglobin 

hemoglobin 

transfer 
RNA 

antibody 

virus 

actin 

nucleosome 

ribosome 

C. Zardecki - PDB 
C. Abad-Zapatero - Acta Cryst 
D68 (2012) 

Biological Structure:  X-Rays are the key tool 
                                     (courtesy  H. Chapman, J Stoehr) 

Now more than 1400 from Diamond 



 
 BUT ~100 structures of viruses, suggest a new approach… 



In situ room temp diffraction  
(this means using smallish crystals in the 
nano-drops in which they have been 
grown, after being set-up robotically) ... 

38 microns 

0.05°per 0.05 s. 1012 photons / s into  
20 µ beam –  crystal lifetime ~0.4 s  
Focus towards the detector 
I24 staff, plus E Fry, JS Ren, A Kotcha  DIS, Oxf 

The difference I24 made... 



 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Structure of EV71 – collaboration with several groups (esp. that of Z Rao) 
(11 structures determined at Diamond, I24 – one frozen, other RT) 

Dave Stuart group ( March 2012 in Nature) 









 
 

So what about the future of SXR from 
storage rings? 



It’s not the end of the road for storage ring 
light sources …! 

“Ultimate Storage Ring”= diffraction limited at 10 keV 

Courtesy R Walker 

ESRF upg 
Diamond ?? 

damping wigglers 

SC undulators 



Design challenges for low emittance sources: 
 
⇒large number of bending magnets  
 
⇒low dispersion function, good for low emittance, but .. 

 
⇒high quadrupole strengths 

 
⇒high sextupole strengths 
  
⇒highly non-linear beam dynamics 
 
⇒small ”dynamic aperture”  (area in which particle motion is stable) 

 
⇒ poor lifetime and injection difficulties   

Courtesy R Walker 



 
 

What about the future? 
 • Diffraction limit for 10 keV is ca 10 pm rad. Vertically 

already easily reached today, horizontally new MBA 
lattices reach 100 pm rad and design exist for the USR. 

  - ERLs no real advantage…so far? 
  - do we need 100 keV diffr. limited photons ??? 
• Tailor made affordable storage rings would enable 

specific methods with high user/sample throughput 
(medical applications, phase contrast microscopy…) 

• “Table top”?   
- a beamline is very long in any case 

(stability!!!) 
- User mode more efficient in larger facilities 

     
 
 



 
 

Crazy ideas 

• Change bunch structure on demand  
  eg  short bunches down into the fs regime with high 

 current and low emittance  



 
 

 



 
 

FELs 
 

 complementary to storage rings  
 

The 4th generation of SR sources 
 

Or 

The first generation of X-ray lasers 
 



 
 

 
 
  XFELs – the straight line into the future! 



 
 



X-ray properties: storage ring versus FEL 

Assume energy bandwidth of  1eV 
• XFEL photons per pulse  ≈  storage ring photons in 1 s 
• XFEL photons are coherent  (indistinguishable) 

storage 
  ring 

courtesy 
 J Stoehr 

...when seeded ! 



SASE versus self seeded x-ray beam (LCLS) 
 

seeded 

SASE 

8.3 keV 
40 pC  

Intense x-ray source 
with spiky spectrum 
            SASE 

FEL amplifier 
(exponential 
intensity gain) 

ΓE ~ 0.5 eV 

  Monochromator 
 creates seed with 
controlled spectrum 

Courtesy:  
J Stoehr 



Single-shot X-ray diffraction with injected particles 
( H.Chapman, J.Hajdu et al.)  

M.J. Bogan et al., Aerosol Science  
and Technology, 44:i–vi (2010) Courtesy: J Stoehr 



First X-FEL solved protein structure 
 Cathepsin B enzyme protein - part of the African sleeping sickness parasite   

 

      Cathepsin B glyco-protein:   
       Famously difficult to crystallize and 

solve by conventional methods 
        # shots:  4 million 

        # of hits 10%    
        2Å resolution 

 
 
 

Courtesy: J Stoehr 



      X-ray diffraction: 
      atomic structure 

X-ray emission:  
electronic structure 

First results: room temperature study of S1 state 
 

• 50 fs pulses, 3.4 × 1011 photons∕pulse at 9 keV  
 undamaged room temperature atomic/electronic structure 
 future studies will reveal reaction dynamics 

single shot diffraction pattern – 5 Å 
single shot pattern 

Courtesy:J Stoehr 



Water Splitting 
Not  Understood (                 )   

 Has created our atmosphere and ozone layer 
 Only fundamental source of food on earth 
    

 Has created fossil energy sources (crude oil, coal, gas) 
 

Chemical structure: Understanding Photosynthesis 

Carbon Fixation 
Understood (                )   

Courtesy:J Stoehr 



 
 

Ultrafast three dimensional imaging of lattice dynamics in 
gold nanocrystals 

J. N. Clark1, L. Beitra1, G. Xiong1, A. Higginbotham2, D. M. Fritz3, H. T. Lemke3, D. Zhu3, M. 
Chollet3, G. J. Williams3, M. Messerschmidt3, B. Abbey4, R. J. Harder5, A. M. Korsunsky6,7, J. S. 

Wark2 & I. K. Robinson1,7 
Science, May 2013 

Courtesy: I Robinson 



The Future of X-FEL Science 
•Through experiments: 
 nanocrystal diffraction (towards single molecules???) 
 Structure of  whole proteins and reaction centers  
 Function through pump-probe studies of dynamics 
 Explore transient atomic structure of matter (e.g. liquids) 
Understand electronic and spin structure of excited states 
Hot dense matter equation of states 

How can we make fs-ps X-ray movies? 

Through accelerators advances: 
•Develop terawatt, femtosecond seeded pulses (towards 
attosecond pulses);  
•lower cost linacs and undulators !!!!  
•stable XFEL beams 



 
 

Free Electron Lasers  
will provide fsec, ultra high power (peak brilliance) 

How does the future of synchrotron radiation look like?  

Storage Ring Sources  
will provide high average brilliance to study matter  

down to sub nm, psec  and meV resolution  

Both will in the future be complimentary sources for 
science 



 
 

I hope some of you will make some of that come true... 
 

Thanks a lot for your attention 
and  



Any Questions? 
A Light for Science 
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