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Synchrotron research on proteins has led to major 
advances in drugs to battle infection, HIV, cancer 

Ramakrishnan,	
  Steitz	
  and	
  Yonath	
  
2009	
  Chemistry	
  Nobel	
  Laureates	
  

Renal cancer drug  
pazopanib™ developed in 
part based on APS 
research 
(GlaxoSmithKline) 

APS protein structure 
output is almost twice 
that of any other light 
source 
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Close-up view of the drug binding site 
within HIV protease (Kaletra®, Abbott).  



Designing antibiotics –  
 difference between bacterial and eukaryotic ribosomes is 
 one amine group in the 2.5MD ribosome 
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Outline 

  Birth of a new machine, LCLS, World’s First Hard X-ray FEL 

  First experiments at LCLS – AMO 
–  Non-resonant high intensity x-ray phenomena 

  LCLS Experiment 1: Oct 1 - 6, 2009 
–  Resonant high intensity x-ray phenomena 

  LCLS Experiment 5: Oct 29 – Nov 3, 2009 

  Towards single molecule imaging with x-rays   

  Outlook 
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XFELs are here (LCLS) and more are coming soon! 

Physics	
  Today,	
  May	
  2005	
  

DESY	
  X-­‐FEL	
  

2014	
  

SCSS	
  

2011	
  

LCLS	
  

2009	
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X-­‐FEL	
  based	
  on	
  last	
  1-­‐km	
  of	
  exisBng	
  3-­‐km	
  linac	
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Laser Fest: 50th anniversary of the laser 

T. Maiman, "Stimulated Optical Radiation in Ruby," Nature (London) 187, 493 (1960).
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April 10, 2009:  LCLS lases at 1.5 Angstroms  

LCLS	
  

2009	
  

In my life before SLAC, I had the privilege to participate (in various capacities) in 
the design, construction and commissioning of two linacs, two synchrotrons, four 
storage rings and three FELs (free-electron lasers). Now I have had the privilege to 
be in SLAC's Main Control Center on April 10, when the Linac Coherent Light 
Source became a 1.5 Ångstrom laser. I don't expect I will ever, as long as I live, 
see such a beautiful, smooth turn-on of any light source. With each undulator 
placed on the beam path, the FEL power increased by a factor of about 2.3; two 
hours into the first attempt at lasing, the pinpoint of FEL light from twelve 
undulators was nearly 2,000-fold more intense than plain old undulator radiation. 
The team called it quits at 11:30 p.m. that night. When they returned at 8:00 a.m. 
the next morning, the FEL light came back as soon as the shutter was opened.  



- John Galayda


21:03:03	
  

21:33:52	
  

10	
  mm	
  

From	
  John	
  Galayda	
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LCLS saturation at 1.5 Å 

•	
  SaturaBon	
  aYer	
  ~65	
  meters	
  of	
  undulator!	
  	
  	
  

Paul	
  Emma	
  	
  PAC	
  2009	
  proceedings	
  

YAG	
  screen	
  50	
  m	
  downstream	
  

84	
  meters	
  of	
  FEL	
  Undulator	
  Installed 

YAG	
  screen	
  
	
  50	
  m	
  downstream	
  

0.25	
  nC	
  	
  
bunch	
  charge	
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Short pulse capability ~2 fs with low bunch charge ? 

From	
  P.	
  Emma:	
  See	
  Y.	
  Ding	
  et	
  al	
  PRL	
  102,	
  254801	
  (2009)	
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P.	
  Emma	
  et	
  al.	
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Compare the evolution of high intensity  
optical and x-ray sources 

Hign-­‐intensity	
  at	
  opBcal	
  wavelengths	
  
	
  	
  	
  -­‐	
  high	
  harmonic	
  generaBon	
  
	
  	
  	
  -­‐	
  tabletop	
  coherent	
  x-­‐ray	
  radiaBon	
  
	
  	
  	
  -­‐	
  acosecond	
  pulses 	
  	
  

High-­‐intensity	
  at	
  x-­‐ray	
  wavelengths	
  
?	
  
?	
  
?	
  

G.	
  Mourou	
  RMP	
  2006	
   D.	
  Moncton,	
  George	
  Brown	
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Contrast optical and x-ray interactions at high 
intensity 

 electron ponderomotive energy (au) 
Up = I/4ω2 

 displacement 
α = E/ω2 

At long wavelengths - laser-driven electron dynamics is dominant 
… not so at short wavelengths 

LCLS (800 eV) 100 PW/cm2  
Up ~ 25 meV & α ~ 0.003 au 

Ti:sapphire laser (1.55 eV) PW/cm2 
Up ~ 60 eV & α ~ 50 au 

Graphic from Corkum & Krausz 
Nature Physics (2007) 
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Science Drivers for LCLS 

AMO:	
  Atomic	
  Molecular	
  and	
  OpBcal	
  

SXR:	
  SoY	
  X-­‐ray	
  Materials	
  Science	
  

XPP:	
  X-­‐ray	
  Pump-­‐Probe	
  

XCS:	
  X-­‐ray	
  CorrelaBon	
  Spectroscopy	
  

CXI:	
  	
  Coherent	
  X-­‐ray	
  Imaging	
  

MEC:	
  	
  Materials	
  in	
  Extreme	
  CondiBons	
  

AMO	
  	
  
•	
  Understand	
  and	
  control	
  x-­‐ray	
  atom/molecule	
  interacBons	
  at	
  ultrahigh	
  x-­‐ray

	
  intensity	
  as	
  a	
  foundaBon	
  for	
  other	
  applicaBons.	
  
•	
  Provide	
  diagnosBcs	
  of	
  the	
  LCLS	
  radiaBon	
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Single molecule imaging 
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AMO questions at the ultraintense x-ray frontier 

•   fundamental nature of x-ray  
   damage at high intensity 
      -Coulomb explosion  
      -electronic damage 
      -behavior at 1022 W/cm2 - 1Å 

•  nonlinear x-ray processes 
 role of coherence 

•  quantum control of  
   inner-shell processes 

Before                      During ~10 fs        After ~50 fs 

3x1012 x-rays 
100 nm spot 
12 keV 

10 fs ⇒ 1022 W/cm2 

Neutze, Wouts, van der Spoel, Weckert, Hajdu   Nature 406, 752 (2000) 



LCLS Experiment 1 – Oct 1, 2009 
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Nature	
  of	
  the	
  electronic	
  response	
  to	
  	
  

105	
  x-­‐rays/Å2	
  	
  
80	
  -­‐	
  340	
  fs	
  

800	
  -­‐	
  2000	
  eV	
  

~1018	
  W/cm2	
  

Original	
  single	
  molecule	
  imaging	
  parameters,	
  Neutze	
  et	
  al.	
  Nature	
  (2000)	
  
3	
  x	
  1012	
  x-­‐rays/(100	
  nm)2	
  =	
  3	
  x	
  106	
  x-­‐rays/Å2	
  	
  

10	
  fs	
  
~1022	
  W/cm2	
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  Start	
  with	
  a	
  well-­‐characterized	
  target	
  

  Probe	
  changes	
  in	
  interacBon	
  from	
  outer-­‐	
  to	
  inner-­‐shell	
  between	
  
	
   	
  800-­‐2000	
  eV	
  

Our approach to understanding ultraintense x-ray 
interactions 

Binding	
  energies	
  in	
  neutral	
  neon	
  
	
  	
  2p	
  :	
  ~21	
  eV	
  

	
  	
  2s	
  :	
  ~48	
  eV	
  

	
  	
  1s	
  :	
  ~870	
  eV	
  
Inner-­‐shell	
  excitaBon	
  

	
  Auger	
  yield	
  98%	
  

	
  Auger	
  clock	
  -­‐	
  τ1s:	
  2.4	
  fs 

n=2 

neon photoabsorption 
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Guided by theory 

Theory:  Rohringer & Santra, PRA 76, 033416 (2007) 

LCLS specs 
1013 x-rays 
230 fs 
1 µm spot 

Three	
  target	
  energies:	
  	
  800	
  eV,	
  1050	
  eV,	
  2000	
  eV	
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Valence ionization, core ionization and Auger decay 

SequenBal	
  single	
  photon	
  processes	
  dominate	
  the	
  interacBon	
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How does one arrive at a particular charge state? 

Low 
Intensity 
PAP 

High 
Intensity 
PPA 

•  Hollow atoms produced at high x-ray intensity 
•  Electron spectroscopy can define the mechanism 
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High field physics chamber 

ion TOF 

5 eTOFs for 
angular 
distributions 

Ne gas jet 

John Bozek 
Christoph Bostedt 



Day 1 – two interesting observations 

27	
  

  Single	
  ~100	
  fs	
  pulse	
  at	
  2000	
  eV	
  fully	
  strips	
  neon	
  	
  	
  	
  
	
   	
  	
  6-­‐photon,	
  10-­‐electron	
  process	
  

  Shorter	
  pulses	
  with	
  equal	
  pulse	
  energy	
  &	
  fluence	
  suppress	
  
absorpBon	
  &	
  damage.	
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Theory can model ultraintense x-ray-induced 
electronic damage in neon  
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Theory	
  
•	
  Intensity	
  averaged	
  
•	
  Fluence	
  determined	
  
	
  by	
  experiment	
  

Consistent	
  with	
  	
  
	
  	
  “measured”	
  pulse	
  	
  
	
  	
  energy	
  and	
  focus.	
  

Sang-­‐Kil	
  Son,	
  Robin	
  Santra	
  –	
  refined	
  calcs	
  include	
  shakeoff	
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Atoms become transparent at high x-ray intensity ! 

	
  -­‐	
  x-­‐ray	
  absorpBon	
  is	
  due	
  to	
  the	
  presence	
  of	
  1s	
  electrons	
  
	
  -­‐	
  high	
  x-­‐ray	
  intensiBes	
  eject	
  1s	
  electrons	
  rendering	
  the	
  atom	
  transiently	
  transparent	
  
	
  -­‐	
  slowing	
  atomic	
  clocks	
  create	
  transparency	
  at	
  surprisingly	
  long	
  Bmescales	
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Electron spectrometers track ionization mechanism 
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X-­‐ray	
  energy	
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  1050	
  eV	
  

“Slow”	
  1s	
  photoelectrons	
  along	
  x-­‐ray	
  
polarizaBon	
  axis	
  	
  

“Fast”	
  valence	
  photoelectrons	
  and	
  
Augers	
  along	
  polarizaBon	
  axis	
  

Clean	
  hollow	
  atom	
  signature	
  
double-­‐core-­‐hole	
  Auger	
  	
  	
  

	
  θ	
  =	
  90o	
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Hollow atom production: deliberate, huge and an a 
an indicator of x-ray pulse duration 

1050	
  eV,	
  	
  
nominal	
  electron	
  bunch	
  
duraBon	
  ~80	
  fs	
  

Hollow	
  atom	
  yield	
  	
  
@	
  LCLS	
  ~10%	
  
@	
  synchrotron	
  ~0.3%	
  	
  
	
  	
  	
  	
  	
  due	
  to	
  electron	
  correlaBon	
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Absorption vs scattering:  normal and hollow atoms 

0.8 - 8 keV carbon 

	
  σphoto 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  σCompton	
  
	
  σelasBc	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  σelasBc	
  

2	
  keV 	
  	
  	
  	
  	
  	
  360 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.05	
  
8	
  keV 	
  	
  	
  	
  	
  	
  	
  	
  20 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.60	
  
8	
  keV	
  hollow	
  	
  	
  	
  	
  	
  2	
  	
  

Impact	
  of	
  hollow	
  atom	
  
formaBon	
  on	
  coherent	
  x-­‐
ray	
  scacering	
  
Sang-­‐Kil	
  Son,	
  LY,	
  RS	
  
Phys.	
  Rev	
  A.	
  in	
  press	
  



Summary of ultra-intense x-ray interaction 
phenomena 

  Target	
  changes	
  during	
  a	
  single	
  100	
  fs	
  x-­‐ray	
  pulse	
  at	
  fluences	
  similar	
  to	
  that	
  
for	
  single	
  molecule	
  imaging	
  

	
  -­‐	
  six-­‐photon,	
  ten-­‐electron	
  stripping	
  of	
  neon	
  	
  (	
  ~1012/µm2)	
  

	
  -­‐	
  mulBphoton	
  absorpBon	
  probability	
  high	
  when	
  fluence	
  >	
  1/σ  	



  Intensity-­‐induced	
  x-­‐ray	
  transparency	
  –	
  a	
  general	
  phenomena	
  

	
  -­‐	
  transient	
  x-­‐ray	
  transparency	
  caused	
  by	
  formaBon	
  of	
  hollow	
  atoms	
  

	
  -­‐	
  hollow	
  atoms	
  σscac/σabs	
  is	
  increased	
  –	
  advantageous	
  for	
  imaging	
  

  Straighzorward	
  rate	
  equaBon	
  calculaBons	
  capture	
  essenBal	
  physics	
  

  Femtosecond	
  Bme-­‐scale	
  atomic	
  processes	
  provide	
  FEL	
  diagnosBcs	
  

33	
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LCLS	
  Experiment	
  5	
  

Resonant	
  x-­‐ray	
  processes	
  at	
  high	
  intensity	
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Can we control inner-shell electron dynamics? 

“Rabi flopping” may inhibit Auger decay & x-ray damage. 

unlikely 	
  	
   somewhat	
  
likely	
  

very	
  	
  
likely	
  

1s→3p	
  

-­‐ 	
  Strong	
  1s→3p	
  resonance	
  

    µNe 1s-3p = 0.01 ea0 

     τNe 1s-1 = 2.4 fs = 100 a.u.	
  
-­‐ 	
  Rabi	
  flopping	
  possible	
  
	
  	
  	
  	
  	
  ENe ~ 6.3 a.u. 
     INe ~ 1.4 x1018 W/cm2	
  

But	
  LCLS	
  linewidth	
  ~	
  8	
  eV!	
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Rabi-flopping on 1s - 2p resonance more feasible  

(c)(b)

1s

2s

3p

2p

1s

2s

3p

2p

(a)

1s

2s

3p

2p

Observe Auger yield when x-rays scanned over 1s - 2p resonance. 
Observe broadening at resonance to indicate Rabi flopping 

 Theory:  Rohringer & Santra PRA (2008). 

Ex-ray = 848.6 eV 
σ1s-2p = 500σ2p-∞ = 30 σ1s-3p  



-­‐>	
  Look	
  for	
  Auger	
  line	
  broadening	
  on	
  resonance	
  

single	
  shot	
  	
  

10,000-­‐shot	
  
average	
  	
  

N.	
  Rohringer	
  &	
  R.	
  Santra,	
  PRA	
  77,	
  053404	
  (2008)	
  

Calculated “Resonant Auger effect at high x-ray intensity” 



Electron spectra vs photon energy  
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X-­‐
ra
y	
  
en

er
gy
	
  	
  (
eV

)	
  

840	
  

860	
  

Electron	
  KineBc	
  Energy	
  (eV)	
  

1st	
  photon	
  
2p	
  photoelectron	
  

1D	
  1S	
  1P	
   3P	
  

840	
  

2nd	
  photon	
  
Auger	
  electrons	
  

760	
  

using	
  eTOF1	
  perpendicular	
  to	
  photon	
  polarizaBon	
  to	
  
suppress	
  2s	
  photoelectrons	
  (40	
  pC/bunch)	
  

Preliminary	
  from	
  Bertold	
  Krässig	
  



Condi6ons	
   FWHM	
  photon	
  energy	
  ji@er	
  (eV)	
  

40	
  pC	
  (<10	
  fs)	
  850	
  eV	
  0.3	
  mJ	
  4500	
  A	
  	
   4.25	
  

250	
  pC	
  (100	
  fs)	
  787	
  eV	
  1.5	
  mJ	
  2500	
  A	
   4.79	
  

250	
  pC	
  (100	
  fs)	
  769	
  eV	
  1.5	
  mJ	
  2500	
  A	
   5.24	
  

Shot-to-shot photon energy jitter 
 derived from GeV electron bunch energy measurement 



Electron kinetic energy (eV) 

Condi6ons	
   Intrinsic	
  x-­‐ray	
  pulse	
  
bandwidth	
  	
  

(from	
  2s	
  photopeak)	
  
(eV)	
  (FWHM)	
  

Intrinsic	
  x-­‐ray	
  pulse	
  
bandwidth	
  	
  

(from	
  2p	
  photopeak)	
  
(eV)	
  (FWHM)	
  

Average	
  
bandwidth	
  

(eV)	
  
(FWHM)	
  

%	
  

40	
  pC	
  (<10	
  fs)	
  850	
  eV	
  0.3	
  mJ	
  4500	
  A	
  	
   4.3	
   4.5	
   4.4	
   0.5	
  %	
  

250	
  pC	
  (100	
  fs)	
  787	
  eV	
  1.5	
  mJ	
  2500	
  A	
   7.1	
   7.8	
   7.45	
   0.9%	
  

250	
  pC	
  (100	
  fs)	
  769	
  eV	
  1.5	
  mJ	
  2500	
  A	
   7.7	
   7.8	
   7.77	
   1%	
  

2p 

2s eToF4 

Electron kinetic energy (eV) Electron binding energy (eV) 

eToF4 

2p 

2s 

Determination of intrinsic x-ray bandwidth from 
electron spectra 



Is the 1D Auger line broadened on 1s-2p resonance? 
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Theory	
  from	
  N.	
  Rohringer	
  and	
  R.	
  Santra	
  
X-­‐ray	
  parameters	
  
0.3	
  mJ,	
  8.5	
  fs,	
  2	
  µm2	
  

(20%	
  transmission)	
  	
   Preliminary	
  Analysis	
  –	
  E.	
  Kanter	
  



Summary 

42	
  

  Insight	
  into	
  ultraintense	
  x-­‐ray	
  interaBons	
  

	
  -­‐	
  six-­‐photon,	
  ten-­‐electron	
  stripping	
  of	
  neon	
  	
  (	
  ~1012/µm2)	
  

	
  -­‐	
  mulBple	
  photon	
  absorpBon	
  probability	
  high	
  when	
  fluence	
  >	
  1/σ  	



  Intensity-­‐induced	
  x-­‐ray	
  transparency	
  –	
  a	
  general	
  phenomena	
  

	
  -­‐	
  transient	
  x-­‐ray	
  transparency	
  caused	
  by	
  formaBon	
  of	
  hollow	
  atoms	
  

	
  -­‐	
  hollow	
  atoms	
  σscac/σabs	
  is	
  increased	
  	
  

  Femtosecond	
  Bme-­‐scale	
  atomic	
  processes	
  provide	
  FEL	
  diagnosBcs	
  

  Straighzorward	
  rate	
  equaBon	
  calculaBons	
  capture	
  essenBal	
  physics	
  

  Intense	
  x-­‐rays	
  can	
  “control”	
  inner-­‐shell	
  electron	
  dynamics	
  	
  

42	
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Argonne	
  AMO	
  group	
  Oct	
  2009	
  

Heroes	
  at	
  MCC	
  

Heroes	
  at	
  AMO	
  Control	
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Toward	
  Single	
  Molecule	
  Imaging	
  with	
  X-­‐rays	
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Nature	
  470,	
  73	
  (2011)	
  

Photosystem	
  I	
  
	
  	
  	
  membrane	
  protein,	
  1	
  MDa	
  
3,000,000	
  diffracBon	
  pacerns	
  
Crystals	
  200	
  nm	
  -­‐	
  2µm	
  
ResoluBon	
  8.5Å	
  	
  
Match	
  synchrotron	
  structure	
  
Dose:	
  700MGy	
  
Typical	
  synch	
  dose:	
  30	
  MGy	
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Nature	
  470,	
  78	
  (2011)	
  	
  

Mimivirus	
  
-­‐Largest	
  known	
  virus	
  –	
  0.75	
  µm	
  
-­‐Does	
  not	
  crystallize	
  
-­‐Too	
  large	
  for	
  3D	
  cryoelectron	
  
microscopy	
  
Single	
  Shot	
  Scacering	
  Pacern	
  
32	
  nm	
  resoluBon	
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Mimivirus	
  

DiffracBon	
  

ReconstrucBon	
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3	
  images	
  

Arc	
  gives	
  a	
  3D	
  fix	
  

Huldt,	
  Sköke,	
  Hajdu,	
  J.	
  Struct.	
  Bio	
  144,	
  219	
  (2003)	
  

Miao,	
  Charalambous,	
  Kirz,	
  Sayre,	
  Nature	
  400,	
  342	
  (1999)	
  

2	
  noisy	
  images	
  -­‐	
  same	
  view?	
  

3D image reconstruction:   
classification + averaging + phase retrieval 



Compare single molecule x-ray imaging to 
femtosecond nanocrystallography 

Photosystem	
  I:	
  nanocrystals	
  	
  

  10x10x10	
  unit	
  cell	
  	
  
	
  	
  	
  	
  V	
  ~	
  (500	
  nm)3	
  

  106	
  enhancement	
  (n2)	
  
  DiffracBon	
  from	
  focused	
  

LCLS	
  pulse	
  	
  

	
  	
  	
  	
  ~2	
  mJ/pulse	
  @	
  2000	
  eV	
  	
  	
  
	
  	
  	
  ~	
  9Å	
  resoluBon	
  

Ensemble	
  of	
  single	
  molecules	
  

  106	
  molecules	
  
	
   	
  (100	
  µm2	
  x	
  1mm)	
  1013/cm3

	
  

  106	
  enhancement	
  (n)	
  
  Scacering	
  from	
  focused	
  

LCLS	
  pulse?	
  

	
  Kupper,	
  Chapman…	
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Behavior of molecules in strong laser fields 

Laser field strength (V/Å)	
  
10	
   100	
  1	
  

Yamanouchi,	
  Science	
  (2001)	
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x-­‐ray	
  	
  
polarizaBon	



x-­‐ray	
  	
  
propagaBon	



laser	
  	
  
polarizaBon	
  

L.	
  Young	
  et	
  al.	
  PRL	
  (2006).	
  

E.	
  R.	
  Peterson	
  et	
  al.	
  APL	
  (2008)	
  

1.0

0.5

0.0

-0.5

-1.0

Y
/Z

1.00.50.0-0.5-1.0
X/Z

X-­‐ray	
  scacering	
  
detector	



X-­‐ray	
  microprobe	
  	
  of	
  laser-­‐aligned	
  molecules	
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3D - alignment  

1.0

0.5

0.0

-0.5

-1.0

Y
/Z

1.00.50.0-0.5-1.0
X/Z

1.0

0.5

0.0

-0.5

-1.0

Y
/Z

1.00.50.0-0.5-1.0
X/Z

J.J.	
  Larsen	
  et	
  al.,	
  PRL	
  85,	
  2470	
  (2000)	
  

3-­‐D	
  alignment	
  w/ellipBcally	
  polz’d	
  fields	
  
3,4	
  dibromothiophene	
  

CalculaBons	
  by	
  Robin	
  Santra	
  

X-­‐ray	
  scacering,	
  20	
  keV	
  



Comparing APS and LCLS x-ray pulses 
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MulB-­‐photon	
  absorpBon	
  may	
  occur	
  at	
  LCLS:	
  	
  1010	
  photons/1	
  fs/µm2	
  

but	
  not	
  at	
  APS:	
  3	
  x	
  1010	
  photons/100	
  ps	
  =	
  3	
  x	
  105	
  photons/1	
  fs/µm2	
  

courtesy	
  Tim	
  Graber	
  



The Advanced Photon Source: 7 GeV, dedicated 1996 
2010:  62 operating beamlines 

  Users	
  in	
  every	
  state	
  &	
  
worldwide	
  

  3537	
  unique	
  users	
  in	
  
FY09	
  

  1185	
  peer-­‐reviewed	
  pubs	
  
in	
  FY09	
  

  Almost	
  1/3	
  of	
  EFRCs	
  
idenBfy	
  APS	
  as	
  a	
  major	
  
component	
  of	
  proposed	
  
work	
  

  New	
  and	
  upgraded	
  
beamlines	
  in	
  the	
  last	
  three	
  
years	
  include	
  14-­‐ID,	
  12-­‐ID,	
  1-­‐
ID,	
  32-­‐ID,	
  IEX,	
  IXS	
  and	
  
Nanoprobe	
  online….	
  

  Today	
  one	
  half	
  of	
  beamlines	
  
are	
  operated	
  by	
  XSD	
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ESRF,	
  France:	
  upgrading	
   PETRA-­‐III,	
  Germany:	
  new	
   SPring-­‐8,	
  Japan:	
  upgrading	
  

The	
  world	
  of	
  
synchrotrons	
  

6.5	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2009	
   8	
  GeV	
  	
  	
  	
  	
  	
  1997	
  6	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  	
  1992	
  



Exciting times for x-ray & laser science just starting! 
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X-­‐ray	
  FEL	
  Oscillator:	
  Full	
  
coherence	
  &	
  	
  very	
  high	
  
average	
  brightness	
  

SASE	
  XFEL:	
  Very	
  high	
  
peak	
  brightness	
  

Hard	
  X-­‐ray	
  self	
  seeding	
  

3rd	
  Genera6on	
  SR	
  
source:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Adapted	
  from	
  	
  K.J.	
  Kim	
  


