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• 	
  Can	
  we	
  solve	
  the	
  problem	
  of	
  HTSC	
  ?	
  
• 	
  Can	
  we	
  understand	
  the	
  coexistence	
  of	
  SC	
  and	
  ferromagneQsm?	
  
• 	
  Can	
  we	
  make	
  imaging	
  resoluQon	
  with	
  an	
  informaQon	
  content	
  beSer	
  	
  
	
  	
  	
  than	
  STEM	
  	
  of	
  living	
  maSer	
  ?	
  
• 	
  Can	
  we	
  make	
  material	
  with	
  a	
  photovoltaic	
  efficiency	
  as	
  in	
  the	
  	
  	
  
	
  	
  	
  natural	
  process?	
  
• 	
  How	
  small	
  and	
  how	
  fast	
  can	
  we	
  make	
  the	
  magneQc	
  recording	
  devices?	
  
• 	
  Can	
  we	
  observe	
  a	
  catalyQc	
  process	
  under	
  real	
  operaQng	
  condiQons	
  ?	
  
• 	
  Can	
  we	
  fill	
  the	
  gap	
  between	
  the	
  atomic	
  and	
  condensed	
  	
  
	
  	
  	
  maSer	
  properQes	
  ?	
  
• 	
  How	
  far	
  can	
  we	
  push	
  our	
  capability	
  to	
  observe	
  the	
  maSer	
  	
  
	
  	
  	
  under	
  ultra-­‐extreme	
  condiQons?	
  	
  	
  	
  	
  

FTL	
  



EXPERIMENTS	
  IN	
  THE	
  TIME	
  DOMAIN	
  
EXPERIMENTS	
  IN	
  THE	
  ENERGY	
  DOMAIN	
  
	
  

To	
  set	
  the	
  path	
  for	
  probing	
  the	
  maSer	
  	
  with	
  the	
  length,	
  Qme	
  and	
  energy	
  
resoluQon	
  	
  required	
  for	
  exploring	
  criQcal	
  and	
  exoQc	
  phenomena:	
  	
  	
  

nm,	
  fs	
  (as),	
  and	
  sub-­‐meV	
  	
  

Energy	
  and	
  <me	
  domains	
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  C.	
  M.	
  Schneider	
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  SPring-­‐8	
  Compact	
  SASE	
  
Swiss-­‐FEL	
  

New	
  FEL	
  concepts	
  FELs	
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Near-­‐100%	
  Bragg	
  reflecQvity	
  of	
  X-­‐rays	
  	
  
Yuri	
  Shvyd’ko	
  et	
  al.	
  	
  

Near-100% Bragg reflectivity of X-rays
Yuri Shvyd’ko1*, Stanislav Stoupin1, Vladimir Blank2 and Sergey Terentyev2

Ultrahigh-reflectance mirrors are essential optical elements of
the most sophisticated optical instruments devised over the
entire frequency spectrum. In the X-ray regime, super-polished
mirrors with close to 100% reflectivity are routinely used at
grazing angles of incidence. However, at large angles of
incidence, and particularly at normal incidence, such high
reflectivity has not yet been achieved. Here, we demonstrate
by direct measurements that synthetic, nearly defect-free
diamond crystals reflect more than 99% of hard X-ray
photons backwards in Bragg diffraction, with a remarkably
small variation in magnitude across the sample. This is a
quantum leap in the largest reflectivity measured to date,
which is at the limit of what is theoretically possible. This
accomplishment is achieved under the most challenging
conditions of normal incidence and with extremely hard
X-ray photons.

Perhaps one of the most exciting endeavours in physics today is
the realization of fully coherent X-ray free-electron lasers (XFEL),
and this calls for high-reflectivity X-ray mirrors at close-to-normal
incidence. Fully coherent X-ray photon beamswith record high spec-
tral purity and average brightness can be achieved with an XFEL in
oscillator configuration (XFELO)1. Unlike high-gain lasers2,
XFELOs are low-gain machines, requiring low-loss optical cavities
with high-reflectivity X-ray mirrors in backscattering, similar to
conventional table-top lasers1,3,4. The feasibility of XFELOs has
been questioned bymany experts because of the limitations resulting
from the requirement for high-reflectivity X-ray mirrors5. In this
Letter, such mirrors are established by the demonstration of a very
high reflectivity (.99%) of hard X-rays in Bragg backscattering
from diamond crystals.

The idea of using diamonds as X-ray optical elements in modern
accelerator-based X-ray sources was proposed in the early 1990s6–9.
Progress in fabrication, characterization and X-ray optics appli-
cations of synthetic diamonds has been substantial in the last two
decades8–15. Diamond has a unique combination of superlative
physical properties, including high mechanical and radiation
hardness, high thermal conductivity16 and low thermal expan-
sion17,18, properties that are essential for X-ray mirrors to sustain
high radiation flux. Most important in the context of this study,
theory predicts an exceptionally high !99% reflectivity in X-ray
Bragg diffraction from diamond, even in backscattering15, which is
higher than that from any other crystal. The combination of these
outstanding properties suggests that diamond might be the most
promising material for high-reflectivity and resilient hard
X-ray optics.

Recently, it was demonstrated experimentally that diamond
crystals can indeed reflect at levels close to theoretical predictions.
A reflectivity of 89% was measured for 23.7 keV X-rays in
Bragg backscattering, which is very close to the value of 91%
anticipated in theory for the !0.4-mm-thick crystals used in the
experiment15. However, the ultimate step—direct experimental
proof of the theoretical !99% reflectivity of hard X-rays

from diamond crystals—was lacking. Here, we report on such
experimental evidence.

High reflectivity at large incidence angles is not possible using
refractive optics. However, it can be achieved if Bragg diffraction
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Figure 1 | X-ray Bragg diffraction diagram, X-ray Bragg reflectivity from a
thick diamond crystal, and a colour map of averaged Bragg reflectivities for
all allowed Bragg reflections and photon energies. a, X-ray Bragg reflectivity
from a thick diamond crystal as a function of photon energy. Solid line:
dynamical theory calculations20 of X-ray reflectivity RH(E) in
Bragg backscattering (u¼ 908) for the H¼ (13 3 3) Bragg reflection with
EH¼ 23.77 keV used in the experiment. Dashed line: calculations under
assumption of zero photo-absorption. b, Colour map of reflectivities kRHl of
hard X-rays from thick diamond crystals averaged over the region of total
Bragg reflection DEH. The averaged reflectivities are shown for all allowed
Bragg reflections sorted by Bragg energies EH, 30 keV, and for the incident
photon energies E. EH. White contour lines indicate equal values of
incidence angle u determined by Bragg’s law, sin u¼ EH/E.

1Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA, 2Technological Institute for Super-hard and Novel Carbon Materials,
Troitsk, 142190, Russia. *e-mail: shvydko@aps.anl.gov
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ECHO	
  schema,	
  as	
  genera[on,	
  hard	
  x-­‐ray	
  cavity	
  

Dao	
  Xiang,	
  SLAC	
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et	
  al.	
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In	
  addiQon	
  to	
  the	
  narrow	
  spectrum	
  FERMI	
  pulses	
  are	
  characterized	
  by	
  excellent	
  spectral	
  
stability.	
  Both	
  short	
  and	
  long	
  term	
  measurements	
  show	
  that	
  the	
  spectral	
  peak	
  can	
  be	
  stable	
  
within	
  less	
  than	
  1	
  part	
  in	
  104.	
  

“Highly	
  coherent	
  and	
  stable	
  pulses	
  from	
  the	
  FERMI	
  seeded	
  free-­‐electron	
  laser	
  in	
  the	
  extreme	
  ultraviolet”,	
  E.	
  Allaria	
  et	
  al.,	
  
Nature	
  Photonics	
  6,	
  (2012)	
  

The	
  transverse	
  spaQal	
  mode	
  has	
  been	
  measured	
  to	
  
be	
  very	
  close	
  to	
  the	
  TEM00	
  mode	
  and	
  also	
  
coherence	
  measurements	
  indicate	
  a	
  very	
  high	
  
degree	
  of	
  transverse	
  coherence.	
  

FEL	
  photon	
  energy	
  ~	
  38.19eV	
  
fluctuaQons	
   	
  =	
  1.1meV	
  (RMS)	
  
fluctuaQons	
   	
  =	
  3e-­‐5	
  (RMS)	
  
	
  
FEL	
  bandwidth	
  =	
  22	
  meV	
  (RMS)	
  

FERMI:	
  Spectral	
  stability	
  and	
  mode	
  quality	
  



Single	
  shot	
  CDI	
  at	
  32	
  nm	
  

Samples,	
  courtesy	
  CFEL	
  (Chapman’s	
  group)	
  

Resonant	
  CDI	
  at	
  Co	
  M	
  edge	
  

Sample	
  CoPt	
  mul[layer	
  (C.	
  GuS,	
  G.Grübel	
  et	
  al	
  DESY)	
  

Imaging	
  and	
  variable	
  polariza<on:	
  DIPROI	
  on	
  FERMI	
  



Photon-­‐in	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Photon-­‐out	
  
ElasQc	
  ScaSering:	
  Diffusion	
  and	
  Diffrac1on	
  
InelasQc	
  ScaSering:	
  Brillouin	
  and	
  Raman	
  (phononic	
  and	
  
electronic),	
  Fluorescence,	
  Resonant	
  Inelas1c	
  Sca?ering	
  

Photon	
  interac[on	
  with	
  electrons	
   Photon	
  Interac[on	
  with	
  Ma^er	
  

Photon-­‐in	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Electron-­‐out	
  
Linear:	
  Electron	
  Photoemission	
  
Non-­‐Linear:	
  Mul1-­‐photon	
  processes	
  

Photon-­‐in	
  
Absorp1on	
  

ElasQc	
  ScaSering	
  
Free	
  electron:	
  	
  	
  	
  	
  Thomson	
  Sca?ering	
  
Bound	
  Electron:	
  Rayleigh	
  Sca?ering	
  
	
  
InelasQc	
  ScaSering	
  
Quasi-­‐free	
  electron:	
  Compton	
  Sca?ering	
  

Photon-­‐ma6er	
  interac<ons	
  
	
  



P.	
  Liu,	
  J.	
  Sun,	
  J.	
  Zhao,	
  X.	
  Liu,	
  X.	
  Gu,	
  J.	
  Li,	
  T.	
  Xiao	
  
and	
  L.	
  X.	
  Xu	
  
J.	
  Synchrotron	
  Rad.	
  (2010).	
  17,	
  517–521	
  	
  
In	
  vascular	
  diseases,	
  visualizaQon	
  of	
  
microvasculatures	
  is	
  an	
  important	
  step	
  in	
  
understanding	
  the	
  mechanism	
  of	
  early	
  vessel	
  
disorders	
  and	
  developing	
  effecQve	
  therapeuQc	
  
strategies.	
  However,	
  the	
  microvessels	
  involved	
  
are	
  beyond	
  the	
  detecQon	
  limit	
  of	
  convenQonal	
  
angiography.	
  A	
  new	
  angiography	
  system,	
  
synchrotron	
  radiaQon	
  microangiography,	
  has	
  
been	
  developed.	
  Iodine	
  and	
  barium	
  sulfate	
  
were	
  used	
  as	
  blood	
  vessel	
  contrast	
  agents.	
  
Dynamic	
  angiography	
  in	
  mouse	
  brain	
  was	
  
performed	
  with	
  a	
  high	
  spaQal	
  image	
  resoluQon	
  
of	
  20–30	
  µm.	
  Physiological	
  features	
  of	
  whole-­‐
body	
  mouse	
  microvasculature	
  were	
  
invesQgated	
  for	
  the	
  first	
  Qme	
  

Microvascular	
  imaging	
  using	
  synchrotron	
  radia<on	
  



Individual	
  GaAs	
  nanorods	
  imaged	
  by	
  
coherent	
  X-­‐ray	
  diffrac[on	
  
A.	
  Biermanns,	
  A.	
  Davydok,	
  H.	
  Paetzelt,	
  A.	
  
Diaz,	
  V.	
  Go6schalch,	
  T.H.	
  Metzger	
  and	
  U.	
  
Pietsch	
  
J.	
  Synchrotron	
  Rad.	
  (2009).	
  16,	
  796-­‐802	
  	
  
Coherent	
  diffracQon	
  imaging	
  in	
  
combinaQon	
  with	
  a	
  nano-­‐focussed	
  X-­‐ray	
  
beam	
  was	
  used	
  to	
  idenQfy	
  both	
  shape	
  and	
  
strain	
  state	
  of	
  individual	
  hexagonally	
  
shaped	
  GaAs	
  nanorods	
  within	
  a	
  periodic	
  
nanorod	
  array.	
  From	
  the	
  3-­‐dimensional	
  
intensity	
  distribuQon	
  around	
  a	
  Bragg	
  peak	
  
in	
  reciprocal	
  space,	
  differences	
  in	
  shape	
  
and	
  strain	
  of	
  different	
  nanorods	
  could	
  be	
  
resolved	
  using	
  phase-­‐retrieval	
  algorithms.	
  
The	
  method	
  is	
  promising	
  for	
  the	
  
destrucQon-­‐free	
  analysis	
  of	
  nanoobjects.	
  
	
  

Coherent	
  X-­‐ray	
  diffrac<on	
  



The	
  intense,	
  ultrashort	
  X-­‐ray	
  pulses	
  allow	
  diffracQon	
  imaging	
  of	
  small	
  structures	
  before	
  
radiaQon	
  damage	
  occurs.	
  Two	
  papers	
  in	
  this	
  issue	
  of	
  Nature	
  present	
  proof-­‐of-­‐concept	
  
experiments	
  showing	
  the	
  LCLS	
  in	
  acQon.	
  Chapman	
  et	
  al.	
  tackle	
  structure	
  determinaQon	
  from	
  
nanocrystals	
  of	
  macromolecules	
  that	
  cannot	
  be	
  grown	
  in	
  large	
  crystals.	
  They	
  obtain	
  more	
  
than	
  three	
  million	
  diffracQon	
  paSerns	
  from	
  a	
  stream	
  of	
  nanocrystals	
  of	
  the	
  membrane	
  
protein	
  photosystem	
  I,	
  and	
  assemble	
  a	
  three-­‐dimensional	
  data	
  set	
  for	
  this	
  protein.	
  Seibert	
  
et	
  al.	
  obtain	
  images	
  of	
  a	
  non-­‐crystalline	
  biological	
  sample,	
  mimivirus,	
  by	
  injecQng	
  a	
  beam	
  of	
  
cooled	
  mimivirus	
  parQcles	
  into	
  the	
  X-­‐ray	
  beam.	
  

Femtosecond	
  X-­‐ray	
  protein	
  nanocrystallography	
  

	
  Nature,	
  470,	
  73–77	
  (2011)	
  	
  



Single	
  mimivirus	
  par<cles	
  intercepted	
  and	
  imaged	
  with	
  an	
  X-­‐ray	
  laser	
  

Very	
  short	
  and	
  extremely	
  bright,	
  coherent	
  X-­‐ray	
  pulses	
  can	
  be	
  used	
  to	
  outrun	
  key	
  
damage	
  processes	
  and	
  obtain	
  a	
  single	
  diffracQon	
  paSern	
  from	
  a	
  large	
  macromolecule,	
  a	
  
virus	
  or	
  a	
  cell	
  before	
  the	
  sample	
  explodes	
  and	
  turns	
  into	
  plasma.	
  The	
  conQnuous	
  
diffracQon	
  paSern	
  of	
  non-­‐crystalline	
  objects	
  permits	
  oversampling	
  and	
  direct	
  phase	
  
retrieval.	
  Here	
  we	
  show	
  that	
  high-­‐quality	
  diffracQon	
  data	
  can	
  be	
  obtained	
  with	
  a	
  single	
  
X-­‐ray	
  pulse	
  from	
  a	
  non-­‐crystalline	
  biological	
  sample,	
  a	
  single	
  mimivirus	
  parQcle,	
  which	
  
was	
  injected	
  into	
  the	
  pulsed	
  beam	
  of	
  a	
  hard-­‐X-­‐ray	
  free-­‐electron	
  laser,	
  the	
  Linac	
  
Coherent	
  Light	
  Source.	
  

	
  Nature,	
  470	
  (2011)	
  
	
  M.	
  Marvin	
  Seibert	
  



M.	
  Bogan	
  

Shanghai	
  average	
  PM2.5	
  =	
  75	
  ug/m3	
  

US	
  EPA	
  limit	
  =	
  35	
  ug/m3	
  

7.5	
  million	
  kg	
  over	
  100	
  km2	
  

Nano-­‐par<cles-­‐Coherent	
  Imaging	
  and	
  Pollu<on	
  



nasa.gov	
  

Ensembles	
  

Chakrabarty,	
  PRL,	
  	
  2009	
  

High	
  resoluQon	
  
captured	
  parQcles	
  

NOT	
  AIRBORNE	
  
NOT	
  AEROSOLS	
  

Imaging	
  Aerosols	
  

Chemical	
  Imaging	
  with	
  STXM/
NEXAFS	
  of	
  Asian	
  Dust	
  Samples	
  

Moffet,	
  R.	
  C.,	
  H.	
  Furutani,	
  T.	
  C.	
  Rödel,	
  T.	
  R.	
  Henn,	
  
P.	
  O.	
  Sprau,	
  A.	
  Laskin,	
  M.	
  Uematsu,	
  and	
  M.	
  K.	
  
Gilles	
  (2012),	
  Iron	
  speciaQon	
  and	
  mixing	
  in	
  single	
  
aerosol	
  parQcles	
  from	
  the	
  Asian	
  conQnental	
  
ouvlow,	
  J.	
  Geophys.	
  Res.,	
  117,	
  D07204	
  

M.	
  Bogan:	
  Aerosol	
  Dynamics	
  with	
  X-­‐ray	
  Lasers,	
  NGLS	
  Workshop	
  2012	
  



Transient	
  AbsorpQon:	
  The	
  Need	
  for	
  Bandwidth	
  

NGLS	
  Workshop	
  2012	
  



multidimensional 
spectroscopy has 

revolutionized fields of 
science


NMR	
  

2020	
  

IR	
  
visible	
  

X-­‐ray?	
  

1991	
  Nobel	
  Prize	
  
mul[dimensional	
  NMR	
  

1980	
   1990	
   2000	
   2010	
  

mul[dimensional	
  electronic	
  	
  
spectroscopy	
    

Mukamel	
  et	
  al,	
  2007	
  

From	
  Pump-­‐Probe	
  to	
  MulQdimensional	
  X-­‐ray	
  Spectroscopy	
  

NGLS	
  Workshop	
  2012	
  



Probing	
  the	
  Proper<es	
  of	
  Magne<c	
  Materials	
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research topics

! Nanomagnetism

! Spin transport and coherence

! Magnetization switching and spin dynamics

! Nanoferronics

! Nanoionic-based non-volatile memories

! Complex surface and interface phenomena

! Exploration of novel materials

5

UE-56 SGM is a instrument backbone of our activities 
in the HGF research program 

Fundamentals of Future Information Technology

Donnerstag, 10. November 2011
Courtesy	
  C.	
  M.	
  Schneider	
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Time	
  Resolved	
  Resonant	
  InelasQc	
  X-­‐ray	
  ScaSering:	
  tr-­‐RIXS	
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PolarizaQon	
  dependent	
  tr-­‐RIXS	
  



•  The	
  way	
  to	
  produce	
  fully	
  coherent	
  X-­‐ray	
  radiaQon	
  is	
  paved.	
  If	
  also	
  the	
  second	
  stage	
  
for	
  the	
  HGHG	
  will	
  be	
  proved	
  a	
  new	
  technology	
  will	
  be	
  available.	
  	
  

•  Tunability	
  
•  Variable	
  polarizaQon	
  
•  Full	
  coherence	
  	
  
•  High	
  repeQQon	
  rate	
  

The	
  future	
  scenario	
  	
  
Coherent	
  X-­‐ray	
  Op[cs	
  
Quantum	
  X-­‐ray	
  op[cs	
  
Stroboscopic	
  phase	
  tomography	
  

Future	
  Scenario	
  	
  

An	
  extraordinary	
  effort	
  
is	
  needed	
  to	
  develop	
  a	
  
suitable	
  science	
  program	
  



What	
  is	
  the	
  NGLS?	
  	
  
≤1 to ~300 femtoseconds
~1 microsecond


[me	
  

X-­‐
ra
ys
	
  

~100 microjoule


A CW superconducting 
linac with high-rate injector 

provides high-brightness 
electron beam


EUXFEL	
  

Free electron lasers 
(FELs) produce 

intense, ultrafast, 
coherent X-ray pulses


Array of high power X-ray 
lasers with intense, 

ultrafast, coherent X-ray 
pulses at high rate (CW)


Future	
  Scenario	
  	
  



NGLS

next generation light 
source


NGLS	
  

High repetition rate (≥ MHz)


~250 - 1,250 eV (fundamental)


Seeded operation
Coherence


Tunability


Rep Rate


LCLS 

Eu XFEL 

NGLS 

LCLS-I


LCLS-II


Eu XFEL


NGLS


"   CW LINAC

"   Modular FEL array


Future	
  Scenario	
  	
  



Overview	
  of	
  Ele^ra	
  and	
  FERMI	
  

Linac	
  Building	
  
Extension	
  

Undulator	
  Hall	
  
Experimental	
  Hall	
  

EleSra	
  Storage	
  Ring	
  


