
JOINT US‐CERN‐JAPAN‐RUSSIA SCHOOL on Par5cle Accelerators "SYNCHROTRON RADIATION & FREE ELECTRON LASERS"      Erice 6‐15 April, 2011 

History of the X‐ray  brightness 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Brighness comparison 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R.W. Lee, LLNL 

Exploi?ng the brightness 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Processes and ?me 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Non‐equilibrium dynamics 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Genera?on of ultrashort X‐ray pulses 1 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Genera?on of ultrashort X‐ray pulses 2 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Genera?on of ultrashort X‐ray pulses 3 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Genera?on of ultrashort X‐ray pulses 5 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Genera?on of ultrashort X‐ray pulses 6 

High Harmonic Genera?on ‐ HHG 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Genera?on of ultrashort X‐ray pulses 7 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Free electron lasers –FEL 1 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Free electron lasers – FEL 2 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Free electron lasers – FEL 3 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Free electron lasers – FEL 4 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FEL Coherence 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Courtesy 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FEL‐ Science: Nano‐materials for energy applica?ons 

Because  nanopar?cle  surfaces  and  interfaces  play  a    key  role  in 
mul?ple  exciton  genera?on  and  its    efficiency,  it  is  crucial  to 
understand these    interfaces. The small    size of  the dot makes  this a 
demanding  task,    requiring  much  higher  average  brilliance  than  

today’s  so[  X‐ray  sources  offer.  Following  the    picosecond 
relaxa5on of hot electrons and holes   requires 100 
femtosecond or shorter X‐ray pulses   and high peak 
brightness available only on next‐  genera?on light sources.  

In  quantum  dots  used  for  solar  cell  applica?ons,  the 
absorp?on  of  one  incident  photon  can  lead  to  the 
crea?on of more  than one electron‐hole pair. This  is an 
inverse‐Auger process, which  is enhanced  in a quantum 
dot by quantum confinement  and  the  relaxa?on of  the 
requirement  to  conserve  momentum.  Furthermore, 
thermaliza?on  of  high‐energy  carriers  is  suppressed  by 
the  phonon  boaleneck  produced  by  the  large  energy 
separa?on of  quan?zed  levels.  A.J. Nozik,  Physica  E  14, 
115 (2002). 

Structural dynamics of a photoac?ve copper complex excited state created by green laser pulses 
followed by X‐ray pulses to capture both dihedral angle movements on 100‐fs ?me scale and liga?on 
coordinate changes on ps to ns ?me scale. [Chen et al., J. Am. Chem. Soc. 124, 10861‐10867 (2002); 
125, 7022‐7034 (2003); 129, 2147‐2160 (2007)]. 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Magne?c domain paaern wriaen  by circularly 
polarized laser pulses. The magne?za?on reversal 
is thought to proceed via a coherently excited 
intermediate state  that could be characterized by 
future light sources. C.D. Stanciu et al., Phys Rev. 
Lea. 99, 047601 (2007). 

Quantum‐dot‐based  materials  are  the  storage  materials 
with the highest data density known. Coherent rota?on of 
spins  in  these  dots  significantly  enhances  the  wri?ng 
speed of magne?c memory. Using conven?onal magne?c 
fields, wri?ng speeds of less than 100 picoseconds can be 
achieved,  whereas  with  a  femtosecond  photon  pulse,  it 
has  been  demonstrated  that  the  magne?za?on  can  be 
changed on the 100‐femtosecond ?me scale, although the 
exact nature of this switching process is not yet resolved.  
Time‐resolved holographic  imaging with circular magne?c 
X‐ray  dichroism  will  allow  mapping  of  the  spa?ally 
resolved  changes  in  the  spin  and  orbital  momentum, 
following  s?mula?on  by  a  femtosecond  laser  pulse.  This 
will  reveal  new  details  about  the  transfer  of  spin 
momentum  to  other  degrees  of  freedom,  such  as  the 
lakce,  which  enables  the  change  in  magne?za?on.  This 
requires a short‐pulse, so7 X‐ray circularly polarized 
source with  a  photon  energy  tuned  to  individual 
absorpBon  edges  and  synchronized  with  an  external 
laser.  

FEL‐ Science: Controlling spin and charge in complex materials 

Coherent Manipula5on and Time‐resolved Imaging of spin  
and Magne5c Proper5es 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Knowledge of the reac?on mechanism is central to  
understanding cataly?c reac?ons. The atomic structure,  
energies, and electronic structure of the ini?al reactant  
state, the final product state, and the ac?vated complex  
transi?on state must be characterized for each  
elementary step. The design of improved catalysts and  
photocatalysts requires an understanding of how the  
energe?cs and dynamics for each step depend on the  
details of the dynamic structure of the ac?ve site and its  
surroundings, including the reac?on media. Achieving  
this depth of understanding will require temporal  
measurements on 5me scales ranging from  
10‐18 s for electronic excita5ons, 10‐15 s for  
atomic rearrangements,  
to 104 s for macroscopic morphological changes  
occurring over many reac?on cycles. This has to be  
performed with nanometer spa?al resolu?on, since  
catalysts are by design inhomogeneous materials  
Photoemission microscopy will provide a  
key approach to this challenge, requiring the highest  
possible average brilliance of the source in the so[  
X‐ray range.  

A fs molecular movie. A laser pulse excites the system, and 
then the resul?ng  cascade of transient states is probed at 
various ?me intervals un?l the product state is formed 
(image courtesy of Lin Chen, Argonne).  

FEL‐ Science: Catalysis and the Energy Challenge 

Femtosecond Movies of a Chemical Reac5on  
Capturing and Controlling the Metastable states  

Vacuum liquid 
micro‐jet for 
photoelectron 
spectroscopy with 
femtosecond op?cal 
pump and 
femtosecond X‐ray 
probe pulses (from 
Bernd Winter 
(BESSY), 2008).  
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Le(: Femtosecond single‐shot X‐ray 
scaaering paaern. Top middle: The 
reconstructed image of a live 
picoplankton that was injected at 200 
m/s into the beam of the so[ X‐ray laser 
FLASH opera?ng at 7‐nm wavelength, 
15‐fs pulse dura?on, and ~1014 W/cm2 
power density; image reconstructed 
using Shrinkwrap (Sebas?en Boutet) 
(Source: J. Hajdu et al., private 
communica?on). Top right: transmission 
electron microscopy (TEM) image 
(Source: W. Eikrem and J. Throndsen, 
Univ. of Oslo). Bo4om right: Schema?c 
setup of the diffrac?on experiment. The 
so[ X‐ray image can be extended 
to molecular resolu5ons with an 
X‐ray laser opera5ng in the 
wavelength range from 0.5 to 1.5 
nm. 

X‐ray scaaering from a hypothe?cal individual 5‐nm ZnS 
nanopar?cle, compared with experimental scaaering from a 
collec?on of 5‐nm ZnS nanopar?cles, showing the clear need 
for increased brightness. B. Gilbert et al., Science 305, 651 
(2004).  

Life Science: Imaging of Cells and Chromosomes 

Environmental Science: Imaging Structure and Reac5vity 
Of Individual Nano‐par5cles 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Local symmetries in disordered 
ma^er uncovered by coherent X‐ray 
sca^ering 
Local symmetries in colloidal glasses 
were inves?gated by coherent X‐ray 
sca^ering. The speckle paaerns were 
analysed by a novel angular cross 
correla?on technique to unravel the 
hidden local symmetries within the 
glassy disorder. Four‐, 6‐, 10‐ and 
most prevalently 5‐fold symmetries 
were observed poin?ng towards 
locally‐favoured structures of 
icosahedral symmetry. 

P. Wochner (a), C. Gua (b), T. Autenrieth (b), T. Demmer (a), V. Bugaev (a), A.D. Or?z (a), A. Duri (b), F. Zontone 
(c), G. Grübel (b), and H. Dosch (a,b),PNAS 106, 11511‐11514 (2009) 

FEL‐ Science: Coherent X‐Ray Scaaering 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Conven?onal absorp?on based X‐ray microtomography can 
become limited for objects showing only very weak aaenua?on 
contrast at high energies.  However, a wide range of samples 
studied in biology and materials science can produce significant 
phase shi[s of the X‐ray beam and thus phase contrast X‐ray 
imaging can provide substan5ally increased contrast sensi5vity.  
A Differen5al Phase Contrast (DPC) imaging facility, based on 
gra5ng interferometry, has been installed at the TOMCAT 
beamline, with the aim of having a high‐throughput of samples 
in terms of fast data acquisi?on and post‐processing.  We have 
made hardware and so[ware advancements to enable a range  
of DPC tomographic imaging methods to be applied, such as  
local and 'widefield' DPC tomography.  Darkfield imaging, based 
on the mechanism of small‐angle scaaering, provides 
simultaneous and complementary informa?on about a sample  
at the micron and the sub‐micron length scales.  The technique 
allows the visualisa?on of the so[ ?ssue features of a rat brain, 
for example, with a contrast impossible to obtain with 
conven?onal absorp?on‐based imaging. 

S. A. McDonald, F. Marone, C. Hintermüller, G. Mikuljan, C. David, F. Pfeiffer and M. Stampanoni,  
J. Synchrotron Rad. 16, 562‐572 (2009). 

FEL‐ Science: Advanced phase contrast imaging 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Direct structural determina?on and manipula?on of  individual size‐
selected  clusters  cons?tute  major  scien?fic    grand  challenges  in 
nanoscience.  The  physical  and  chemical    proper?es  of  atomic 
clusters change drama?cally with size and structure, a fundamental 
feature  of    nanoscience.  Size‐selected  clusters  provide  the  best‐
defined models for heterogeneous catalysts.  
Furthermore,  size‐selected  clusters  provide  the means  to  discover 
and  fabricate  tailor‐made  new  materials    with  specific  magne?c, 
op?cal,    or  electronic  proper?es.  Atomic  structures  are  the most 
fundamental    proper?es  of  size‐selected  clusters,  but  there  are 
currently no experimental methods for directly  determining them.  
Mul?ple  complementary  techniques  must  be  exploited  for  the 
characteriza?on  of  these  dilute    systems.  These  include  XPS  for 
chemical  characteriza5on  and  structural  informa5on,  ultraviolet  
photoelectron  spectroscopy  for  electronic  proper5es,  circular 
magne5c X‐ray dichroism for magne5c   proper5es, and EXAFS for 
structural  determina?on.  S?ll,  the  number  of  clusters  in  the  trap, 
104 to 106, is too small to allow reliable EXAFS measurements. Good 
signal‐to‐noise  data  should  be  obtainable,  given  the  high  average 
brilliance  of  the  next‐generaBon  sources  supplying  1016  to 
1018  photons    per  second  and  their  tunability.  The  most 
exci?ng  prospect  would  be  to  use  a  single  intense  X‐ray  pulse  to 
scaaer  off  a  single  size‐selected  cluster  to  yield  its  en?re  three‐
dimensional structure. 
Such experiments may be within reach with the high peak brilliance 
of  next‐genera?on  light  sources  and  the  development  of 
sophis?cated  scaaering analysis procedures.  

A temperature‐controlled ion trap  
for EXAFS of size‐selected clusters.  
X.B. Wang and L.S. Wang, Rev. Sci.  
Instrum. 79, 073108 (2008). 

FEL‐ Science: Proper?es of individual mass‐selected clusters 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U. Essmann, unpublished; see also Phys. Le4. 24A, 526 
[1967]) 

C. Giannef, IEEE Photonics Journal (2009) 

FEL‐ Science: Magne?c Scaaering for Vortex in SC 

DOE REPORT on 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2006 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Cluster and nanoparticle spectroscopy
Spokespersons: F. Stienkemeier, (Univ. of Freiburg-D); T. Moeller (Frei University, Berlin)
Co-proponents :K.Fauth (MPI- Stuttgart, D), M. Drabbels (EPFL- CH), M. Schmidt(CNRS –Orsay, Fr), 
U.Buck (MPI-Goettingen, D)

FEL‐ Science: Low Density Maaer 

Carlo Callegari: LDM coordinator 
F. S?enkemeir: End sta?on spoke person 

COHERENCE+TUNABILITY+POLARIZATION 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FEL‐ Science: The 10‐18 s Challenge with 0.1‐1 keV so[ X‐ray 

Nature Physics, June 2007 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A few new direc?ons 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photoemission measurements 

Core‐levels 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Up to 10 keV 

Space & 

Time Resol. 

Next gen. detector & Low‐T 
sample goniometer 

+ Other spectroscopies: 
XES,  XAS,… 

NiO(001) 

W(110) 

Curtesy C. Fadley, UC Davis & ALS Probe Pulse 

FEL‐ Science: 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FEL‐ 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Space charge in photoemission 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HTSCs 

Selec<ve excita<ons (CT and phonons) to study transient states and 
photo‐induced phase transi<ons. 
Superconductors (e‐ph interac<ons, magne<sm and superconduc<vity). 
Magne<c materials (dynamics of the magne<c excita<ons). 
Strong correla<ons in hard‐ and so(‐ condensed ma4er  
(charge transfer and phonon assisted excita<ons).  

? 

LaBaCuO4 

sp‐band BCS  
SC‐ MgB2  
doped‐C60 
Intercalated 
Graphite 

e‐
ph 

FEL‐ Science: slelec?ve excita?ons 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Spin states dynamics 
Objec?ve 
The goal of this project is to measure the spin resolved band 
dispersion and spin dynamics in solid by harmonics and high 
harmonics generated from a 250 kHz Ti:SA amplified source 

Time‐of‐Flight analyser 
@ high opera?ng frequency  
(up to 5 MHz) 

Electron detector  Moa polarimeter 

Collabora5on with 4GLS (E. Seddon and C. 
Cacho) 

Two orthogonal Mo^‐
detectors to measure V 
and H spin components 

FEL‐ Science: Spin resolved dynamics 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Test of the SR‐TR ToF on the Au(111) surface states  

 TR‐ and AR‐Photoemission 

 Time and Spin resolved experiments 

 Fermi surface mapping  

Osterwalder et al. PRB 69 pp.241401R, 2004) 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FEL‐ Science: Spin resolved dynamics 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High resolu5on of the SS energy posi5on 

E0 = 260 meV 
m* = 0.134 
k0 = 0.011 Å‐1 

EF 

Spin integrated Intensity  Energy posi5on of the surface states. 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Determina5on of the SS kine5c energy posi5on with very 
high precision (±2meV). 

FEL‐ Science: Spin resolved dynamics 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PHOTON PROPERTIES 

PHOTON BEAM OPTIACL PROPERTIES 

PHOTON SOURCE PERFORMANCES 

Peak and Average Brightness 
Spectral Brightness 
Temporal Structure 
Polariza5on  
Coherence  
Tunability  
Divergence of the Beam 
Beam Character (Gaussian) 
Spa5al Resolu5on 

ω 
Polariza5on 

Pulse‐to‐Pulse Frequency 
Point Stability 
ω stability 
Posi5on Stability 
Time Ji^er 
Pulse‐to‐Pulse Stability 

Radia?on Proper?es 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COHERENCE 

POLARIZATION 

BRIGHTNESS 

SPECTRAL BRIGHTNESS 

ENERGY DOMAIN 

TIME DOMAIN 

PULSE‐PULSE FREQUENCY 

ΔωMONOCROMATICITY 
HR‐ARPES 
RIXS 
ABSORPTION 

as  t ps  
PHOTOEMISSION 
SCATTERING 

Hz   CW 

SINGLE‐SHOT  
VERY LOW PHOTON DEN. 
VERY HIGH STATISTIC 

FULL[(x,y);(t)]ΔΕΔt≥ħ ⁄ 2 
COHERENT IMAGING 
STATISTICAL OPTICS 
COHERENT STATES (Δφ) 
WAVE MIXING (INTERF.) 

LσLπσ+σ‐ 
POL.SELECTION RULES 
(XMCD,XMLD) 
ORBITAL SYMMETRY 

HIGH PHOTON DENSITY 

CONTROL ON I(ω)ω 

LOW DENSITY MATTER 
NON‐LINEAR OPTICS 

TR‐ARPES 

Source Parameters versus Experiments 1 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TIME  
DOMAIN 

ENERGY 
(FREQUENCY) 
DOMAIN 

PULSE 
PHOTON 
DENSITY 

PULSES 
 REPETITION 

RATE 

FOURIER 
TRANSFORM 

SPACE CHARGE 
SAMPLE DAMAGE 

SIGNAL 
STATISTIC 

SIGLE SHOT 
ULTRABRIGHT 
EXPERIMENTS 

SOURCE 
PARAMETERS 

Source Parameters versus Experiments 2 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Future Light Sources 1 

ANL‐08/39 
BNL‐81895‐2008 
LBNL‐1090E‐2009 
SLAC‐R‐917 
Science and Technology 
 of Future Light Sources 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Future Light Sources 2 

ANL‐08/39 
BNL‐81895‐2008 
LBNL‐1090E‐2009 
SLAC‐R‐917 
Science and Technology of Future 
Light Sources 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Fron5er 1: 
FELs 
FULL COHERENCE (ΔΕΔt≥ħ ⁄ 2) 
ULTRASHORT TIME (as‐fs) 
ULTRABRIGHT 

Fron5er 2: 
ERL AND ULTIMATE  
STORAGE RINGS 
ENERGY DOMAIN 
EXPERIMENTS: (ω) 
(Δω, ΔQ), 
HIGH RESOLUTION‐ 
HIGH STATISTICS 
TIME RESOLVED (ps)        

Fron5er 3: 
ACTUAL 
STORAGE RINGS 
MOSTLY ANALYTICAL         

Conclusions 


