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Outline 

  Context & motivation 

  Survey of AMO-related LCLS experiments 

  Non-resonant high intensity x-ray phenomena 
 LCLS Experiment 1: Oct 1 - 6, 2009 

  Resonant high intensity x-ray processes 
 LCLS Experiment 5: Oct 29 - Nov 3, 2009   

  Outlook/wider impacts/final thoughts 
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XFELs are here (LCLS) and more are coming soon! 

Physics	
  Today,	
  May	
  2005	
  

DESY	
  X-­‐FEL	
  

2015	
  

SCSS	
  

2011	
  

LCLS	
  

2009	
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X-­‐FEL	
  based	
  on	
  last	
  1-­‐km	
  of	
  exis(ng	
  3-­‐km	
  linac	
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Compare the evolution of high intensity  
optical and x-ray sources 

Hign-­‐intensity	
  at	
  op(cal	
  wavelengths	
  
	
  	
  	
  -­‐	
  high	
  harmonic	
  genera(on	
  
	
  	
  	
  -­‐	
  tabletop	
  coherent	
  x-­‐ray	
  radia(on	
  
	
  	
  	
  -­‐	
  aRosecond	
  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) 



7	
  

Science Drivers for LCLS 

AMO:	
  Atomic	
  Molecular	
  and	
  Op(cal	
  

SXR:	
  So[	
  X-­‐ray	
  Materials	
  Science	
  

XPP:	
  X-­‐ray	
  Pump-­‐Probe	
  

XCS:	
  X-­‐ray	
  Correla(on	
  Spectroscopy	
  

CXI:	
  	
  Coherent	
  X-­‐ray	
  Imaging	
  

MEC:	
  	
  Materials	
  in	
  Extreme	
  Condi(ons	
  

AMO	
  	
  
•	
  Understand	
  and	
  control	
  x-­‐ray	
  atom/molecule	
  interac(ons	
  at	
  ultrahigh	
  x-­‐ray

	
  intensity	
  as	
  a	
  founda(on	
  for	
  other	
  applica(ons.	
  
•	
  Provide	
  diagnos(cs	
  of	
  the	
  LCLS	
  radia(on	
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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) 



AMO-related LCLS publications to date 
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X-­‐ray	
  Atom	
  Interac:ons	
  
 	
  Femtosecond	
  electronic	
  response	
  of	
  atoms	
  to	
  ultraintense	
  x-­‐rays	
  	
  
	
  	
  	
  	
  L.	
  Young	
  et	
  al.,	
  	
  Nature	
  	
  446,	
  56	
  (2010).	
  
 	
  Nonlinear	
  atomic	
  response	
  to	
  intense	
  ultrashort	
  x-­‐rays	
  
	
  	
  	
  	
  G.	
  Doumy	
  et	
  al.,	
  Phys.	
  Rev.	
  LeR.	
  106,	
  083002	
  (2011).	
  

X-­‐ray	
  Molecule	
  Interac:ons	
  
 	
  Ultraintense	
  X-­‐Ray	
  Induced	
  Ioniza<on,	
  Dissocia<on,	
  and	
  Frustrated	
  Absorp<on	
  in	
  
Molecular	
  Nitrogen	
  
	
  	
  	
  	
  M.Hoener	
  et	
  al.,	
  Phys.	
  Rev.	
  LeR.	
  104,	
  253002	
  (2010).	
  
 	
  Auger	
  Electron	
  Angular	
  Distribu<on	
  of	
  Double	
  Core-­‐Hole	
  States	
  in	
  the	
  Molecular	
  
Reference	
  Frame	
  
	
  	
  	
  	
  J.	
  Cryan	
  et	
  al.,	
  Phys.	
  Rev.	
  LeR.	
  105,	
  083004	
  (2010).	
  
 	
  Double	
  Core-­‐Hole	
  Produc<on	
  in	
  N2:	
  Bea<ng	
  the	
  Auger	
  Clock	
  
	
  	
  	
  	
  L.	
  Fang	
  et	
  al.,	
  Phys.	
  Rev.	
  LeR.	
  105,	
  083005	
  (2010).	
  

X-­‐ray	
  /	
  op:cal	
  laser	
  :ming	
  and	
  synchroniza:on	
  
 	
  Time-­‐resolved	
  pump-­‐probe	
  experiments	
  at	
  the	
  LCLS	
  
	
  	
  	
  J.	
  M.	
  Glownia	
  et	
  al.	
  	
  Opt.	
  Express	
  18,	
  17621	
  (2010).	
  



AMO-related LCLS pubs in the works … 
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X-­‐ray	
  pulse	
  characteriza:on	
  using	
  two	
  color	
  interac:ons	
  
 	
  	
  Femtosecond	
  X-­‐ray	
  Pulse	
  Length	
  Characteriza<on	
  at	
  the	
  LCLS	
  Free	
  Electron	
  Laser	
  
	
  	
  	
  	
  S.	
  Düsterer	
  M.	
  Meyer	
  et	
  al.	
  
 	
  	
  Inves<ga<on	
  of	
  the	
  <me	
  structure	
  of	
  LCLS's	
  few	
  fs	
  x-­‐ray	
  pulses	
  
	
  	
  	
  	
  R.	
  Kienberger	
  et	
  al.	
  

X-­‐ray	
  	
  Cluster	
  Interac:ons	
  
 	
  Explosions	
  of	
  clusters	
  in	
  intense	
  X-­‐ray	
  pulses	
  
	
  	
  T.	
  Ditmire	
  et	
  al.	
  
 	
  Ultrafast	
  imaging	
  of	
  X-­‐ray	
  excited	
  clusters	
  
	
  	
  	
  C.	
  Bostedt,	
  T.	
  Möller	
  et	
  al.	
  

Resonant	
  x-­‐ray	
  interac:ons:	
  Control	
  of	
  inner-­‐shell	
  processes	
  
 	
  Modifying	
  Auger	
  Decay	
  with	
  Femtosecond	
  X-­‐ray	
  Pulses	
  
	
  	
  	
  E.	
  P.	
  Kanter	
  et	
  al.	
  

Electron-­‐Beam	
  Ion	
  Trap:	
  highly-­‐charged	
  ion	
  spectroscopy	
  
	
  	
  BerniR,	
  Brown,	
  	
  J.	
  Crespo,	
  P.	
  Beiersdorfer,	
  J.	
  Ullrich	
  	
  



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	
  interac(on	
  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	
  excita(on	
  

	
  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 

Sequen(al	
  single	
  photon	
  processes	
  dominate	
  the	
  interac(on	
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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 
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  Single	
  ~100	
  fs	
  pulse	
  at	
  2000	
  eV	
  fully	
  strips	
  neon	
  	
  	
  	
  
	
   	
  	
  6-­‐photon,	
  10-­‐electron	
  process	
  

  Shorter	
  pulses	
  with	
  equal	
  pulse	
  energy	
  &	
  fluence	
  suppress	
  
absorp(on	
  &	
  damage.	
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Theory can model ultraintense x-ray-induced 
electronic damage in neon  
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2000 eV, 2.4 mJ, 224 fs

Experiment
 Theory

ba

Theory	
  
•	
  Intensity	
  averaged	
  
•	
  Fluence	
  determined	
  
	
  by	
  experiment	
  

Consistent	
  with	
  	
  
	
  	
  “measured”	
  pulse	
  	
  
	
  	
  energy	
  and	
  focus.	
  

Sang-­‐Kil	
  Son,	
  Robin	
  Santra	
  –	
  refined	
  calcs	
  include	
  shakeoff	
  –	
  G.	
  Doumy	
  et	
  al,	
  PRL	
  2011)	
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Atoms become transparent at high x-ray intensity ! 

	
  -­‐	
  x-­‐ray	
  absorp(on	
  is	
  due	
  to	
  the	
  presence	
  of	
  1s	
  electrons	
  
	
  -­‐	
  high	
  x-­‐ray	
  intensi(es	
  eject	
  1s	
  electrons	
  rendering	
  the	
  atom	
  transiently	
  transparent	
  
	
  -­‐	
  slowing	
  atomic	
  clocks	
  create	
  transparency	
  at	
  surprisingly	
  long	
  (mescales	
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Electron spectrometers track ionization mechanism 
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photoelectron

 θ  = 90o  
 VR= 790 V

a

b

c

X-­‐ray	
  energy	
  =	
  1050	
  eV	
  

“Slow”	
  1s	
  photoelectrons	
  along	
  x-­‐ray	
  
polariza(on	
  axis	
  	
  

“Fast”	
  valence	
  photoelectrons	
  and	
  
Augers	
  along	
  polariza(on	
  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	
  
dura(on	
  ~80	
  fs	
  

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

0.8 - 8 keV carbon 
	
  σphoto 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  σCompton	
  
	
  σelas(c	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  σelas(c	
  

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

Impact	
  of	
  hollow	
  atom	
  
forma(on	
  on	
  coherent	
  x-­‐ray	
  
scaRering	
  
Sang-­‐Kil	
  Son,	
  L	
  Young,	
  R	
  Santra	
  
Phys.	
  Rev	
  A.	
  83,	
  033402	
  (2011)	
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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	
  Kine(c	
  Energy	
  (eV)	
  

1st	
  photon	
  
2p	
  photoelectron	
  

1D	
  1S	
  1P	
   3P	
  

840	
  

2nd	
  photon	
  
Auger	
  electrons	
  

760	
  

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

“Hidden”	
  resonance	
  revealed	
  in	
  single	
  SASE	
  pulse	
  
Preliminary	
  from	
  Bertold	
  Krässig	
  



Characterization of X-ray SASE pulse  
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 	
  	
  Shot-­‐to-­‐shot	
  photon	
  energy	
  jiRer	
  	
  
-­‐ Photoelectron	
  energy	
  spectra	
  give	
  x-­‐ray	
  energy	
  centroid	
  	
  
-­‐ JiRer	
  derived	
  from	
  shot-­‐to-­‐shot	
  GeV	
  electron	
  beam	
  energy	
  measurements	
  

Condi:ons	
   FWHM	
  photon	
  
energy	
  jiRer	
  (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	
  

 	
  	
  Intrinsic	
  x-­‐ray	
  bandwidth	
  	
  
Condi:ons	
   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) 



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	
  



Improved control of inner-shell dynamics with 
Gaussian pulse 
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To	
  be	
  submiRed	
  
Kanter	
  et	
  al.	
  
Calcs	
  from	
  N.	
  Rohringer	
  

~2	
  x	
  1017	
  W/cm2	
  

0.3	
  mJ,	
  8.5	
  fs,	
  2	
  µm2	
  



Summary 
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  Insight	
  into	
  ultraintense	
  x-­‐ray	
  intera(ons	
  

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

	
  -­‐	
  mul(ple	
  photon	
  absorp(on	
  probability	
  high	
  when	
  fluence	
  >	
  1/σ  	



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

	
  -­‐	
  transient	
  x-­‐ray	
  transparency	
  caused	
  by	
  forma(on	
  of	
  hollow	
  atoms	
  

	
  -­‐	
  hollow	
  atoms	
  σscaR/σabs	
  is	
  increased	
  	
  

  Femtosecond	
  (me-­‐scale	
  atomic	
  processes	
  provide	
  FEL	
  diagnos(cs	
  

  Straigh}orward	
  rate	
  equa(on	
  calcula(ons	
  capture	
  essen(al	
  physics	
  

  Hidden	
  resonances	
  are	
  poten(al	
  complica(ons	
  in	
  using	
  intense	
  SASE	
  pulses	
  

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

32	
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Argonne	
  AMO	
  group	
  Oct	
  2009	
  

Heroes	
  at	
  MCC	
  

Heroes	
  at	
  AMO	
  Control	
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Outlook/Wider	
  Impact/Final	
  Thoughts	
  



The chaotic truth about current XFELs 
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How to obtain longitudinally coherent x-ray laser pulses? 
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Implementa(on	
  in	
  progress	
  –	
  
SLAC/Argonne	
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  470,	
  73	
  (2011)	
  

Photosystem	
  I	
  
	
  	
  	
  membrane	
  protein,	
  1	
  MDa	
  
3,000,000	
  diffrac(on	
  paRerns	
  
Crystals	
  200	
  nm	
  -­‐	
  2µm	
  
Resolu(on	
  8.5Å	
  	
  
Match	
  synchrotron	
  structure	
  
Dose:	
  700MGy	
  
Typical	
  synch	
  dose:	
  30	
  MGy	
  	
  	
  



38	
  

Nature	
  470,	
  78	
  (2011)	
  	
  

Mimivirus	
  
-­‐Largest	
  known	
  virus	
  –	
  0.75	
  µm	
  
-­‐Does	
  not	
  crystallize	
  
-­‐Too	
  large	
  for	
  3D	
  cryoelectron	
  
microscopy	
  
Single	
  Shot	
  ScaRering	
  PaRern	
  
32	
  nm	
  resolu(on	
  



Final thoughts 
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 	
  XFELs	
  open	
  an	
  en(rely	
  new	
  intensity,	
  wavelength	
  regime	
  for	
  explora(on	
  
	
  	
  	
  -­‐	
  mul(photon	
  effects	
  are	
  prominent	
  
	
  	
  	
  -­‐	
  a	
  complete	
  contrast	
  to	
  any	
  other	
  x-­‐ray	
  source	
  on	
  earth	
  
	
  	
  	
  -­‐	
  can	
  create	
  and	
  probe	
  exo(c	
  forms	
  of	
  maRer	
  

 	
  XFEL	
  research	
  is	
  in	
  its	
  infancy	
  
	
  	
  	
  -­‐	
  Just	
  learning	
  how	
  to	
  use	
  and	
  control	
  this	
  source	
  of	
  radia(on	
  
	
  	
  	
  -­‐	
  LCLS	
  is	
  a	
  superb	
  opportunity	
  to	
  understand	
  basics	
  and	
  explore	
  novel	
  ideas	
  
	
  	
  	
  -­‐	
  Nanocrystallography	
  appears	
  to	
  be	
  an	
  early	
  success	
  

 	
  XFEL	
  access	
  is	
  very	
  limited	
  
	
  	
  -­‐	
  One	
  beamline	
  at	
  LCLS	
  currently	
  
	
  	
  -­‐	
  Beamlines	
  at	
  XFEL	
  by	
  2015	
  




