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Compare ultraintense optical and x-ray sources 

Hign-‐intensity	  at	  opCcal	  wavelengths	  
	  	  	  -‐	  high	  harmonic	  generaCon	  
	  	  	  -‐	  tabletop	  coherent	  x-‐ray	  radiaCon	  
	  	  	  -‐	  aHosecond	  pulses 	  	  

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

G.	  Mourou	  RMP	  2006	   D.	  Moncton,	  George	  Brown	  



X-ray sources: accelerator-based vs laser-based HHG 
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From:	  Miao,	  Ishikawa,	  Robinson,	  Murnane,	  Science	  348,	  530	  (2015)	  	  

1013	  x-‐rays/pulse/1%	  BW	  @	  1	  keV	  
~100	  fs	  

105	  x-‐rays/pulse/1%	  BW	  @	  1	  keV	  
~1	  fs	  

XFELs	  108	  “brighter”	  than	  HHG	  sources	  
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Outline 

  Birth of world’s first hard x-ray FEL - LCLS 

  Non-resonant high intensity x-ray phenomena 
 LCLS Experiment 1: Oct 1 - 6, 2009   
 L. Young et al., Nature 466, 56 (2010) 

  Resonant high intensity x-ray processes 
 LCLS Experiment 5: Oct 1 - 6, 2009 
 E.P. Kanter et al., PRL 107, 233001 (2011)   

  Towards single particle imaging  
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X-‐FEL	  based	  on	  last	  1-‐km	  of	  exisCng	  3-‐km	  linac	  
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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 

•	  SaturaCon	  aher	  ~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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Science Drivers for LCLS 

AMO:	  Atomic	  Molecular	  and	  OpCcal	  

SXR:	  Soh	  X-‐ray	  Materials	  Science	  

XPP:	  X-‐ray	  Pump-‐Probe	  

XCS:	  X-‐ray	  CorrelaCon	  Spectroscopy	  

CXI:	  	  Coherent	  X-‐ray	  Imaging	  

MEC:	  	  Materials	  in	  Extreme	  CondiCons	  

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

	  intensity	  as	  a	  foundaCon	  for	  other	  applicaCons.	  
•	  Provide	  diagnosCcs	  of	  the	  LCLS	  radiaCon	  
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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	  interacCon	  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	  excitaCon	  

	  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	  



15	  

Valence ionization, core ionization and Auger decay 

SequenCal	  single	  photon	  processes	  dominate	  the	  interacCon	  
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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	  
absorpCon	  &	  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	  –	  G.	  Doumy	  et	  al,	  PRL	  2011)	  	  	  



20	  

Atoms become transparent at high x-ray intensity ! 

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

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

“Fast”	  valence	  photoelectrons	  and	  
Augers	  along	  polarizaCon	  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	  
duraCon	  ~80	  fs	  

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

0.8 - 8 keV carbon 
	  σphoto 	  	  	  	  	  	  	  	  	  	  σCompton	  
	  σelasCc	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  σelasCc	  

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

Impact	  of	  hollow	  atom	  
formaCon	  on	  coherent	  x-‐ray	  
scaHering	  
Sang-‐Kil	  Son,	  L	  Young,	  R	  Santra	  
Phys.	  Rev	  A.	  83,	  033402	  (2011)	  



Prescient prediction 
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“Furthermore,	  during	  short	  intense	  pulses	  numerous	  K-‐
holes	  may	  be	  present	  at	  any	  one	  Cme,	  reducing	  
the	  photoelectric	  cross-‐secCons	  of	  atoms	  in	  which	  they	  
were	  produced	  and	  thus	  lowering	  the	  total	  number	  of	  
primary	  ionizaCon	  events	  in	  the	  sample	  (see	  trend	  in	  Fig.	  
1).	  This	  effect	  makes	  the	  system	  radiaCon	  hardened	  to	  
photo-‐ionizaCon	  during	  very	  short	  exposures,	  and	  is	  more	  
pronounced	  at	  higher	  radiaCon	  intensiCes.”	  

Neutze,	  Wouts,	  van	  der	  Spoel,	  Weckert,	  Hajdu	  	  Nature	  (2000)	  	  
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Nature	  466,	  56	  (2010).	  	  



Summary: non-resonant ultraintense x-ray interactions 
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  Ultraintense	  x-‐ray	  interacCons	  –	  mulCphoton	  processes	  rule!	  

	  -‐	  establish	  sequenCal	  single	  photon	  absorpCon	  as	  dominant	  ionizaCon	  mechanism	  

	   	  fully	  stripped	  neon:	  	  six-‐photon,	  ten-‐electron	  	  (	  ~1012/µm2)	  

	  -‐	  mulCple	  photon	  absorpCon	  probability	  high	  when	  fluence	  >	  1/σ  	

	  -‐	  controlled	  electron	  stripping	  (outer	  v	  inner	  shells)	  

  X-‐ray	  induced	  transparency	  –	  a	  general	  phenomena	  

	  -‐	  transient	  x-‐ray	  transparency	  caused	  by	  ejecCon	  of	  inner-‐shell	  electrons	  

	  -‐	  induced	  transparency	  =	  frustrated	  absorpCon	  =	  core-‐level	  bleaching	  	  
	  	   	  molecules:	  	  Hoener	  et	  al.,	  PRL	  104,	  253002	  (2010)	  

	  	   	  clusters:	  	  Schorb	  et	  al.,	  PRL	  108,	  233401	  (2012)	  

	   	  solids:	  	  Yoneda	  et	  al.,	  	  Nat.	  Comm.	  (2014),	  Rackstraw	  et	  al.,	  PRL	  (2015)	  

	  -‐	  implicaCons	  for	  imaging:	  	  σscaH/σabs	  is	  increased	  	  

  Femtosecond	  Cme-‐scale	  atomic	  processes	  provide	  FEL	  diagnosCcs	  
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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” 



Looking for Rabi flopping: unveiling and driving 
hidden resonances with LCLS pulses 
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E.	  P.	  Kanter	  et	  al.,	  PRL	  (2011)	  

 	  High	  fluence	  pulse	  alters	  target	  to	  
reveal	  enormous	  “hidden”	  resonances	  
~1000x	  larger	  than	  background	  

 X-‐ray	  absorpCon	  spectrum	  changes	  
rduring	  the	  fs	  duraCon	  pulse	  



Characterization of SASE x-ray pulse required 
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 	  	  Shot-‐to-‐shot	  photon	  energy	  jiHer	  	  
-‐ Photoelectron	  energy	  spectra	  give	  x-‐ray	  energy	  centroid	  	  
-‐ JiHer	  derived	  from	  shot-‐to-‐shot	  GeV	  electron	  beam	  energy	  measurements	  	  
	  	  Ex	  (eV)	  =	  44.25	  Ee((GeV)2	  	  	  

Condi/ons	   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	  

 	  	  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	  E.P.	  Kanter	  et	  al.,	  PRL	  (2011)	  



SASE vs Gaussian pulse for Rabi flopping 
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Summary: resonant x-ray processes at high intensity 
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  First	  hint	  of	  Rabi	  cycling	  for	  inner-‐shell	  electrons:	  	  Ne	  1s	  –	  2p	  resonance	  

  Need	  XFEL	  with	  improved	  longitudinal	  coherence	  –	  SEEDING	  

-‐  Quantum	  control	  –	  mulCdimensional	  spectroscopies	  
-‐  Single	  parCcle	  imaging	  (reduced	  radiaCon	  damage	  &	  increased	  x-‐ray	  

intensity)	  

  “Hidden”	  resonances	  criCcal	  in	  atomic	  response	  to	  ultraintense	  x-‐rays	  

-‐  Enhanced	  two-‐photon	  absorpCon	  probability	  	  	  

-‐  Doumy	  et	  al.,	  PRL	  106,	  083002	  (2011)	  
-‐  IonizaCon	  beyond	  sequenCal	  single	  photon	  model	  

-‐  Schorb	  et	  al.,	  PRL	  108,	  233401	  (2012)	  -‐	  Ar	  

-‐  Rudek	  et	  al.,	  Nat.	  Phot.	  6,	  858	  (2012)	  –	  Xe	  

-‐  Rudek	  et	  al.,	  Phys.	  Rev.	  A	  87,	  023413	  (2013)	  –	  Kr	  
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Improving	  the	  X-‐ray	  Laser	  



37	  



Hard x-ray self-seeding proposed 2010 
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Geloni,	  Kocharyan,	  Saldin	  (DESY)	  

Power	  aZer	  diamond	  xtal	  

Monochroma/c	  
seed	  power	  

5	  MW	  

6	  µm	  

XFEL	  spectrum	  
aZer	  diamond	  xtal	  

Diamond	  C(004):	  100µm	  
	  λ = 0.15	  nm,	  θΒ 	  =	  57o	  

arXiv:1008.3036v1	  Geloni	  	  	  



Hard x-ray self seeding realized Jan 2012 – P. Emma et al. 
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Diamond	  OUT	   Diamond	  IN	  

Bandwidth	  <10-‐4	  	  at	  8-‐9	  keV	  and	  tunable	  	  
But	  …	  did	  not	  achieve	  saturaCon	  and	  power	  jiHer	  sCll	  present	  

J.	  Amann	  et	  al.,	  Nature	  Photonics	  6,	  693	  (2012)	  

Three	  lab	  collaboraCon:	  



On the road to a TW FEL :   LCLS-TN-11-3 
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200	  m	  undulator	  tapered	  

1013	  x-‐rays	  @	  8-‐10	  keV	  
10	  fs	  	  

GENESIS	  simulaCon	  

Also	  arXiv	  Jun	  2013:	  	  S.	  Serkez	  et	  al.	  	  10	  TW	  FEL,	  1014	  x-‐rays,	  10	  fs	  @	  3.5	  keV	  	  	  
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Towards	  single	  parCcle	  imaging	  
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Mimivirus	  
-‐Largest	  known	  virus	  –	  0.75	  µm	  
-‐Does	  not	  crystallize	  
-‐Large	  for	  3D	  cryoelectron	  
microscopy	  
Single	  Shot	  ScaHering	  PaHern	  
	  	  	  2D:	  	  32	  nm	  resoluCon	  
Set	  of	  198	  scaHering	  paHerns	  
	  	  	  3D:	  	  reconstrucCon	  to	  120	  nm	  

Seibert	  et	  al.,	  Nature	  470,	  78	  (2011)	  	  

Ekeberg	  et	  al.,	  PRL	  (2015)	  	  
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“And	  there	  are	  sCll	  open	  quesCons	  on	  the	  impact	  of	  
electronic	  damage	  on	  x-‐ray	  scaHering	  on	  femtosecond	  
Cme	  scales:	  The	  above-‐menConed	  work	  by	  Neutze	  et	  al.	  
tracked	  the	  movements	  of	  the	  atomic	  nuclei	  of	  the	  
biomolecule,	  showing	  they	  don’t	  move	  on	  the	  few-‐
femtosecond	  Cmescale	  of	  an	  x-‐ray	  pulse.	  Electrons,	  
however,	  move	  faster	  than	  nuclei.	  	  Since	  electrons	  are	  
what	  scaHers	  x	  rays,	  it	  is	  yet	  to	  be	  confirmed	  that	  few-‐	  
femtosecond	  pulses	  can	  probe	  an	  unperturbed	  
electronic	  structure.”	  	  	  	  -‐	  Keith	  Nugent	  

March	  2,	  2015	  

on	  Ekeberg	  et	  al.,	  PRL	  (2015)	  	  



Beyond the sequential single photon ionization model 
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@1500	  eV	  	  	  	  
	  	  	  	  	  	  	  sequenCal	  single	  photon	  limit	  27+	  
	  	  	  	  	  	  	  observe	  36+	  
@2000	  eV	  
	  	  	  	  	  	  	  sequenCal	  single	  photon	  limit	  32+	  
	  	  	  	  	  	  	  observe	  32+	  
Rudek	  et	  al.,	  Nat.	  Pho.	  (2012)	  

Xenon	  

	  @	  480	  eV	  	  
	  	  	  	  	  	  	  sequenCal	  single	  photon	  limit	  10+	  
	  	  	  	  	  	  	  observe	  13+	  
	  	  	  	  	  	  	  Schorb	  et	  al.,	  PRL	  (2012)	  

Argon	  



Resonance-enabled x-ray multiple ionization 
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B.	  Rudek	  et	  al.,	  Nat.	  Phot.	  (2012)	  



Tracking electronic configurations during XFEL pulse  
including resonances! 

46	  P.	  Ho,	  C.	  Bostedt,	  S.	  Schorb,	  L.	  Young,	  PRL	  113,	  253001	  (2014)	  	  

Monte	  Carlo	  Rate	  EquaCon	  Approach	  

Path	  to	  Ar	  12+	  



Ultraintense hard x-ray interactions:  seeded v SASE 
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CXI	  endsta/on	  experiment	  Apr	  2014:	  	  	  I	  >1020	  W/cm2	  
5.5	  –	  8.3	  keV,	  	  2	  mJ,	  30-‐40	  fs	  
“100	  nm”	  focus	  	  	  

	  	  	  	  	  105	  x-‐rays/Å2	  
…but	  no	  shot-‐by-‐shot	  spectral	  monitor	  

Ion detector 

X-ray 
beam 

x	  

y	  

z	   Extraction 
Field 

Observa/ons:	  
Ar18+:	  	  fully	  stripped	  
Kr34+:	  	  two	  1s	  electrons	  	  
Xe48+:	  	  6	  electrons	  	  
Largely	  consistent	  with	  
sequenCal	  single	  photon	  
CH3I:	  	  sum	  of	  charges	  55+	  	  

Joined/Artem	  Rudenko,	  Daniel	  Rolles	  &	  team	  

Calcula/ons	  by	  Phay	  Ho:	  	  
IdenCfied	  photon	  energies	  
where	  seeded	  pulses	  reduce	  
absorpCon	  &	  radiaCon	  
damage	  relaCve	  to	  SASE	  
pulses.	  



High Intensity X-ray Imaging of Nanosystems 
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•  Intense	  x-‐ray	  pulses	  lead	  to	  efficient	  stripping	  of	  e-‐	  from	  
atoms/ions	  and	  significant	  displacement	  of	  e-‐,	  ions/atoms	  
from	  equilibrium	  during	  the	  pulse	  –	  nanoplasma	  

•  Our	  MC/MD	  model	  includes:	  ElasCc	  ScaHering,	  
PhotoionizaCon,	  Auger,	  Fluorescence,	  Resonant	  excitaCon,	  
Three-‐body	  recombinaCon,	  Electron	  impact	  ionizaCon,	  
La�ce	  dynamics	  	  

•  InvesCgate	  the	  impact	  of	  electronic	  damage	  on	  various	  
observables	  (ion,	  photoelectron,	  Auger	  and	  fluorescence	  
spectra,	  x-‐ray	  diffracCon)	  	  

•  Recorded	  diffracCon	  paHerns	  depend	  strongly	  on	  pulse	  
parameters.	  	  	  

7-‐shell	  	  Ar	  cluster	  (~5	  nm)	  
1415	  nuclei,	  25470	  e-‐	  
8	  keV	  x-‐ray	  pulses	  
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AMO “solutions” 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	  
-‐nanoplasma	  formaCon	  

• 	  	  Expt’l	  AMO	  observables:	  
Ion,	  photoelectron,	  Auger,	  
fluorescence	  and	  …	  	  
x-‐ray	  diffracCon	  paHern	  

• 	  ComputaConal	  studies	  on	  large	  scale	  
systems	  

AtomisCc	  computaConal	  studies	  based	  upon	  
Monte	  Carlo/Molecular	  Dynamics	  	  

EIAF

P

L

ES RE TBR

Ar	  cluster	  –	  7	  shell	  

Phay	  Ho	  
Chris	  Knight	  



New XFEL capabilities becoming available  
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chicane for the hard x-ray self-seeding program [17]. In
self-seeding this magnetic chicane delays the electron
bunch relative to the x-rays and washes out the micro-
bunching generated in the first undulator section. Our
two-color FEL scheme uses this same function to produce
the delay-tunable two-colors, but in SASE mode rather
than seeded.

For this study, we combined the canted pole undulators,
the seeding chicane, and the emittance-spoiling foil to
demonstrate full control of the pulse duration, relative
delay, and spectral separation as the first experimental
study of two schemes for two-color soft x-ray FEL opera-
tion at the LCLS. The two schemes are depicted in Fig. 1.
Simulation studies were reported previously for similar
schemes in Ref. [15]. Both two-color schemes used the
LCLS in the soft x-ray regime at 1.5 keV with an
emittance-spoiling foil [18] to control the electron bunch
duration (scheme I) or to produce two bunches with a
variable delay (scheme II) [19]. The emittance-spoiling
foil is located in the second bunch compressor. The undu-
lator period was 3 cm and the electron beam energy was set
to 5.8 GeV. Each undulator’s magnetic length was 3.3 m
and a linear taper in K for each section compensated for
electron beam energy loss due to spontaneous emission and
wakefields. For each machine setting, a series of roughly
25000 single-shot spectra were recorded with the single-
shot soft x-ray spectrometer described in Ref. [20] using
the 100 lines=mm gratings.

Under scheme I, Fig. 1(a), the electron bunch passed
through a single-slot emittance spoiler. In our test, the
spoiler was set to pass a single unspoiled electron bunch
that corresponded to about 18 fs FWHM in duration. The
expected x-ray pulse duration is similar or shorter [19,21].
The pulse duration can be controlled by choosing the slot
width (a triangularly shaped slot) to satisfy different
experimental requirements. The peak current was set to
1.6 kA. An x-ray pulse was generated at wavelength !1 in
the first undulator section, U1, that was tuned to a strength
parameter K1 ¼ 3:481. The 9 undulators that comprised

U1 were chosen to yield an intense FEL pulse while
avoiding saturation. The energy spread developed by the
electron beam in U1 was therefore small enough to pre-
serve the electron beam for effective lasing in the subse-
quent section. The magnetic chicane between the two
undulator sections delayed the electron beam relative to
the photon beam and also washed out the microbunching
that developed in U1. Set to zero deflection, the chicane
(it is a drift actually) produced a minimal delay between
the two pulses, "min ¼ l=vdrift " l=c, where c is the speed
of light, l# 4 m is the length between undulator sections,
and vdrift is the drift velocity of the electron bunch. This
drift mismatch is typically in the range of tens of atto-
seconds and so we refer to this minimal delay as 0 fs.
Although the maximum delay could be as long as 40 fs,
the chicane was used to produce a maximum of 25 fs of
delay for this study. The second 10 undulator long section,
U2, was tuned to a strength parameter K2 ¼ 3:504, to
produce a second x-ray pulse at the wavelength !2.
A sequence of 15 consecutive shots, displayed in Fig. 2

shows that the majority of the shots produce two spectrally
separated pulses. Common to the SASE process, the indi-
vidual pulses show a multimode spectral structure that is
a bit too fine for the spectrometer resolution. The shot-to-
shot energy jitter does not affect the energy separation and
so the electron beam energy fluctuations can be sorted in
postanalysis to yield the linear dependence of photon
energy on electron beam energy. This linear dependence
is evident in Figs. 3(a) and 3(b) where the results have been
averaged, peak normalized for each electron beam energy,
and sorted accordingly for 0 and 25 fs delays, respectively.
We note that plotted this way, we can identify only very
slight systematic variation of the relative peak shapes
versus photon energy. The spectra are subsequently real-
igned based on the correlation, averaged, and shown in
Figs. 3(c) and 3(d).
The energy-aligned spectra show an average energy

difference between the two pulses of 20 eV or 1.3%
of the mean photon energy with the earlier described

e-

Magnetic
chicane

Undulator
U  tuned at K2 2

Undulator
U  tuned at K2 1

Undulator
U  tuned at K3 2

Undulator
U  tuned at K1 1

stx-ray 1  color

stx-ray 1  color

ndx-ray 2   color

ndx-ray 2   color

(a) Scheme I

e-

Magnetic
chicane

Undulator
U  tuned at K1 1

(b) Scheme II

Single slotted foil

Double slotted foil

FIG. 1 (color online). Two-color FEL schemes tested at the LCLS. A single-slot (in scheme I) or double-slot (in scheme II) emittance
spoiling foil was used to generate ultrashort single or double electron bunches. The emittance-spoiling foil is located in the second
bunch compressor. A magnetic chicane, designed for hard x-ray self-seeding purpose, was adopted here to control the temporal delay
between the two-color pulses.
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One	  bunch	  –	  two	  pulse	  –	  two	  color	  (Lutman	  et	  al.,	  	  PRL	  110,	  134801	  (2013))	  

The X-ray free-electron laser (XFEL) is the brightest source
of X-rays for scientific applications1–4. The unique
properties of XFELs have attracted the interest of a wide

community of scientists (for example, see refs 5–7). Despite the
enormous success of XFELs, the effort to improve and extend
their capabilities is growing steadily, fueled by user demands for
new modes of operation4,8–12 and more precise photon and
electron diagnostics13–15.

Two-colour pulses are an example of custom-made X-rays
from a free-electron laser (FEL), where two pulses of different
photon energy and with a variable time delay are generated.
Two-colour X-rays have received considerable attention at many
FEL facilities worldwide16–21. This mode of operation allows
users to probe the dynamics of ultra-fast processes triggered by a
high-intensity X-ray pump, with a time resolution on the order of
a few femtoseconds. For example, in the field of time-resolved
resonant X-ray spectroscopy, two colour pulses allow the selective
excitation of molecular and atomic processes, such as chemical
bond breakage and rearrangement. High-intensity two-colour
FELs also allow the study of warm dense matter with time-
resolved X-ray pump/X-ray probe experiments22,23 as well as the
experimental investigation of X-ray-induced Coulomb explosion
in atom clusters and nanocrystals at the femtosecond scale.
Finally, in the field of coherent X-ray imaging, there is a
widespread interest in extending multiple wavelength anomalous
dispersion (MAD) imaging24 to fourth-generation light sources
using serial femtosecond crystallography5.

In an XFEL, an intense electron bunch travels in a magnetic
undulator, generating a high-power X-ray pulse (ranging form a
few GW to several tens of GW) with narrow bandwidth (between
0.005 and 0.1%) and duration between a few femtoseconds and a
few hundred femtoseconds1. The central wavelength lr is given
by the resonance formula25

lr ¼ lw
1þ K2

2

2g2 ; ð1Þ

where lw is the undulator period, g is the beam’s Lorentz factor
and K the scaled amplitude of the magnetic field. At X-ray
energies, the methods developed so far rely on generating two
X-ray colours by using two distinct values of K with a quasi
mono-energetic electron beam16,20,21. Although this approach
can achieve full control of the time and energy separation, the
intensity of both pulses is lower than the saturation level because
the same electron bunch is used for lasing twice, yielding a total
power typically between 5 and 15% of the full saturation power.

Here we show how two independent electron bunches of
different energies can be used to generate two X-ray pulses in one
undulator (we will refer to this technique as the twin-bunch
method). Our method builds on the recent application of pulse-
stacking techniques to high-brightness electron injectors19,26,27.
In this case, each X-ray pulse is generated by one electron bunch
and can reach the full saturation power, improving the two-
colour intensity by one order of magnitude at hard X-ray
energies. In addition to improving the peak power of two-colour
FELs, twin-bunches allow the use of MAD imaging techniques at
XFEL facilities by combining two-colour FELs with the existing
hard X-ray self-seeding capability8. This new capability has been
successfully tested in user experiments at Linac Coherent Light
Source (LCLS) in a wide variety of fields.

Results
Twin-bunch experiment at hard X-rays. The twin-bunch
method is schematically illustrated in Fig. 1. The electrons are
generated by a photocathode illuminated by a train of two laser
pulses (generated with a pulse stacker, see the Methods section)
with a variable delay on the order of a few picoseconds,
generating two separate electron bunches. The two bunches are
accelerated up to 15 GeV in the LCLS linear accelerator and
compressed from a peak current of 20 A to roughly 4 kA by
means of two magnetic chicanes. As a result of the bunch com-
pression, the final arrival time difference of the electron bunches
is on the order of a few tens of femtoseconds. As the acceleration/
compression system generates a time–energy correlation in the
electron beam, the two bunches also have different energies at the
end of the accelerator. Finally, the two compressed bunches are
sent into the undulator where they emit two X-ray pulses of
different energies. Although we will present experimental data at
a photon energy of 8.3 keV, the scheme described can work at any
photon energy in the available LCLS range (nominally from 300
to 10 keV).

The recently developed X-band transverse deflector13 provides
an effective diagnostic tool for this two-bunch technique.
Figures 2a and 2c show the measured longitudinal phase-space
of the two bunches at the end of the undulator beamline for the
unspoiled beam (that is, suppressing the lasing process with a large
transverse perturbation in the electron orbit) and for the beam
after the lasing process. The peak current is roughly 5 kA for a total
charge of 150 pC, with an energy separation of 70 MeV. Figure 2d
shows the temporal profile of the X-ray pulses reconstructed from

Beam Direction
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Undulator
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Linac Chicane 1
Chicane 2
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~5 ps
~50 fs

Figure 1 | Schematic representation of the experiment. Illustration not to scale. From right to left: a laser pulse train generates two electron bunches at a
photocathode (the right inset shows the measured longitudinal phase-space at the photo-injector exit). The two bunches are accelerated in the LCLS
linac and compressed by means of two magnetic chicanes (the left inset shows the measured phase-space at the end of the beam line). Finally,
the two bunches are sent to an undulator for the emission of two X-ray FEL pulses. The two X-ray pulses have a tunable energy difference in the range
of a few percent and a variable time delay of tens of fs.
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Two	  bunch	  –	  two	  pulse	  –	  two	  color	  (Marinelli	  et	  al.,	  Nat.	  Comm.	  6,	  6369	  (2015))	  

Seeded	  soh	  x-‐ray	  beam	  (Ratner	  et	  al.,	  PRL	  	  114,	  054801	  (2015))	  



International hard X-ray FELs here and on the horizon 
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2011	  

2017	  

2017	  

2016	  



Summary 
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  Our	  atomic	  physics	  expts	  have	  established	  fundamental	  understanding	  of	  the	  
response	  of	  maHer	  to	  ultraintense	  XFEL	  irradiaCon	  

	  -‐	  sequenCal	  single	  photon	  ionizaCon	  dominates	  

	  -‐	  intensity-‐induced	  x-‐ray	  transparency	  (frustrated	  absorpCon)	  	  

	  -‐	  intense	  x-‐rays	  can	  “control”	  inner-‐shell	  electron	  dynamics	  
	  -‐	  resonances	  can	  be	  criCcal	  in	  XFEL	  interacCons	  

  This	  fundamental	  understanding	  will	  aid	  in	  the	  quest	  for	  single	  molecule	  
imaging	  and	  other	  applicaCons,	  e.g.	  high	  energy	  density	  maHer	  

	  -‐	  AMO	  methods	  (ion,	  electron,	  photon)	  in	  concert	  with	  computaConal	  	  studies	  	  
promise	  fuller	  understanding	  of	  	  radiaCon	  damage	  in	  extended	  systems	  

  Future	  is	  bright	  with	  well-‐characterized	  ultraintense	  x-‐ray	  lasers,	  mulCple	  
pulse	  configuraitons	  …	  with	  1000x	  higher	  intensity.	  
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Argonne	  AMO	  group	  Oct	  2009	  

Heroes	  at	  MCC	  

Heroes	  at	  AMO	  Control	  


