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§  SR	  sources	  (except	  FEL)	  are	  incoherent,	  but	  highly	  forward	  directed	  due	  to	  
relaBvisBc	  effects 	   	   	  θ ∼ 1/γ	  

§  SpaBal	  and	  temporal	  filtering	  (pinholes,	  monochromators)	  are	  needed	  to	  select	  
the	  coherent	  flux 	   	   	  Fc	  	  ~	  	  λ2	  B	  

§  Only	  the	  coherent	  flux	  can	  be	  focused	  into	  a	  diffracBon-‐limited	  spot	  or	  be	  used	  
to	  form	  interference	  fringes	  
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Coherent vs. total flux of SR sources 

Large	  emiYance,	  low	  brilliance,	  
small	  coherent	  frac1on	  and	  flux	  

Small	  emiYance,	  high	  brilliance,	  
large	  coherent	  frac1on	  and	  flux	  

3rd	  Gen	  2nd	  Gen	   DLSR	  

Flux per spatially coherent mode:     Fc  =  B λ2/4"
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APS brightness with MBA lattice 

M.	  Borland	  (ANL)	  

Now	  

MBA	  



I.	  McNulty 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  DLSR	  Workshop	  	  -‐	  	  19	  November	  2014	  

Imaging resolution by x-ray holography 
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X-ray scattering from a disordered sample 

X-ray diffraction from a disordered medium with particle distance d and object size a 
(a) Incoherent scattering, giving rise to a continuous diffraction ring  
(b) Coherent scattering, resulting in a speckled diffraction ring 

F.	  van	  der	  Veen,	  F.	  Pfeiffer,	  J.	  Phys.	  Cond.	  Mater.	  16,	  5003	  (2004)	  
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Coherent vs. incoherent 

Scanning	  and	  full-‐field	  microscopy	  are	  incoherent	  methods	  

• 	  	  Transfer	  funcBon	  is	  linear	  in	  the	  field	  intensi*es	  

• 	  	  Characterized	  by	  sloping	  funcBon	  down	  to	  2NA	  

DiffracBon	  and	  holographic	  microscopy	  are	  coherent	  methods	  

• 	  	  Transfer	  funcBon	  is	  linear	  in	  the	  field	  amplitudes	  

• 	  	  Characterized	  by	  flat	  top,	  sharp	  cutoff	  at	  limiBng	  NA	  
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Coherence "degradation” from bad optics? 

CCD	  image	  of	  Young's	  interference	  paYern	  with	  10	  µm	  slit	  separaBon	  at	  1.07	  m,	  
using	  1.5	  keV	  x-‐rays.	  Image	  is	  820	  µm	  by	  420	  µm	  and	  fringe	  spacing	  is	  90	  µm.	  
	  
CondiBon	  for	  full	  uBlizaBon	  of	  coherence	  by	  experiment:	  	  	  	  	  daperture	  	  <	  	  dspeckle	  	  
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Preserving coherence 

§  First	  Law:	  	  	  	  "Do	  no	  harm"	  
–  Minimum	  use	  of	  apertures:	  every	  edge	  makes	  fringes	  

–  Best	  quality	  opBcs:	  maintain	  wavefront	  quality	  

–  Stable	  opBcs!	  

§  Second	  Law:	  	  	  	  "Provide	  tunable	  coherence	  properBes"	  	  
–  Enable	  trade-‐off	  between	  coherence	  for	  flux	  

–  Adjustable	  coherence-‐selecBng	  slits,	  ideally	  focusing	  too	  

§  Third	  Law:	  	  	  	  "Use	  every	  drop!"	  
–  Coherence	  experiments	  are	  coherent-‐flux	  hungry	  

–  Experiments	  needing	  temporal	  as	  well	  as	  spaBal	  coherence	  even	  more	  so	  (E-‐3	  scaling)	  
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Clean up beam with spatial filter 
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50	  mm	  

X-ray spatial filtering 

50	  m	  
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Beamlines for coherent x-rays: four classes 

	  
§  1st:	  Simple	  coherence	  selecBon	  (slit	  near	  source)	  

§  2nd:	  1D	  spaBal	  filtering	  	  	  (focusing	  onto	  slit)	  

§  3rd:	  2D	  spaBal	  filtering	  (sBgmaBc	  source,	  round	  beam)	  

§  4th:	  Modal	  control	  (op*mize	  use	  of	  par*al	  coherence)	  
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Coherence beamlines: 1st class 

	  	  
	   	   	  	  	  Energy	  Range	  (keV)	  	  	  	  	  	  	  	  	  Length	  (m)	  

§  Son	  x-‐ray	  
–  NSLS	  X1A	  (orig.) 	   	  0.2-‐0.8 	   	  26	  

–  ALS	  12.02 	   	   	  0.3-‐1.5 	   	  30	  

–  BESSY	  UE-‐52	   	   	  0.25-‐0.90 	   	  20 	   	  	  

§  Hard	  x-‐ray	  
–  ESRF	  ID10 	   	   	  7-‐30 	   	  69	  

–  SPring8	  BL29XUL 	   	  4-‐38 	   	  98	  

–  APS	  2-‐ID-‐D 	   	   	  5-‐30 	   	  72	  

–  8-‐ID-‐E/I 	   	   	  6-‐12 	   	  70	  

–  34-‐ID-‐C 	   	   	  6-‐12 	   	  53	  

–  Petra	  3	  P10 	   	   	  4-‐25 	   	  90	  

–  NSLS-‐II	  CHX*	   	   	  6-‐15 	   	  80	  
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UE56-SGM beamline and ALICE chamber at BESSY 

Sample 

CCD 

beam stop 

coherent 870 eV beam 

Pinhole 
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Coherence beamlines: 2nd class 

	   	   	  	  	  Energy	  Range	  (keV)	  	  	  	  	  	  	  	  	  Length	  (m)	  
§  "ConvenBonal"	  length	  

–  APS	  2-‐ID-‐B 	   	   	  1-‐4 	   	  62	  

–  APS	  26-‐ID 	   	   	  6-‐12	   	   	  75	  

–  Petra	  3	  P10 	   	   	  4-‐25 	   	  90	  

	  

§  "Long"	  beamlines	  
–  DLS	  I13 	   	   	  6-‐20 	   	  250	  
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APS 2-ID-B beamline optics 

§  Horizontally	  deflec1ng	  op1cs,	  ver1cally	  unobstructed	  

§  Spa1al	  filtering,	  thin	  Si3N4	  windows	  for	  "clean"	  beam	  

§  S1gma1c	  source	  for	  coherent	  illumina1on	  

I.	  McNulty,	  RSI	  67,	  3372	  (1996)	  
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Hard X-ray Nanoprobe at CNM/APS beamline 26-ID 

R.P.	  Winarski,	  JSR	  19,	  1056	  (2012)	  

Energy	  range:	  6	  –	  12	  keV	  
Focal	  spot:	  	  ~40	  nm	  FWHM	  
Flux	  ~	  8x108	  ph/s/0.1%	  BW	  

2-‐5	  nm	  accuracy	  over	  25	  mm	  
<	  2	  nm/h	  posiBoning	  drin	  	  
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Coherence beamlines: 3rd class 

	   	   	  	  	  Energy	  Range	  (keV)	  	  	  	  	  	  	  	  	  Length	  (m)	  
§  "ConvenBonal"	  length	  

–  EleYra	  Twin-‐Mic 	   	  0.4-‐2.2 	   	  27	  

–  NSLS-‐II	  CSX 	   	   	  0.3-‐2 	   	  45	  

–  SLS	  cSAXS 	   	   	  4-‐19 	   	  41	  

–  Petra	  3	  	  P6 	   	   	  7-‐30 	   	  98	  

–  ALS	  7.0.1	  (COSMIC)	  * 	   	  0.08-‐1.2 	   	  30 	  	  

–  TPS	  XNP* 	   	   	  4-‐15 	   	  69	  

–  APS	  ISN* 	   	   	  4-‐30 	   	  70	  -‐>	  150	  ?	  

	  

§  "Long"	  beamlines	  
–  Soleil	  Nanoscopium	   	   	  5-‐20 	   	  155 	  	  

–  ESRF	  ID16A	  (NINA) 	   	  17-‐34 	   	  185	  

–  MAX	  IV	  Nanomax* 	   	  5-‐30 	   	  95	  

–  NSLS-‐II	  HXN*	   	   	  6-‐25 	   	  108	  

–  DLS	  I14* 	   	   	  4-‐30 	   	  ~200 	   	  
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Elettra Twin-Mic beamline 
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NSLS-II Coherent Soft X-ray beamline 
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ALS COSMIC beamline 

D.	  Shapiro,	  JPCS	  425,	  192011	  (2013)	  
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NSLS-II Hard X-ray Nanoprobe beamline 
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MAX IV Nanomax beamline 
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Coherent fraction of proposed DLSRs 



I.	  McNulty 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  DLSR	  Workshop	  	  -‐	  	  19	  November	  2014	  

Partial coherent light can be treated as a 
distribution of coherent modes 

Coherent	  modes	  for	  the	  lower-‐coherence	  set	  of	  experimental	  data.	  The	  
square	  delineates	  the	  edge	  of	  the	  physical	  aperture.	  (a)	  (0,0)	  mode,	  (b)	  
(1,0)	  mode,	  (c)	  (0,1)	  mode.	  

S.	  FleweY,	  Opt.	  LeY	  34,	  2198	  (2009)	  
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Diffractive imaging with partially coherent light 

§  ConvenBonal	  phase	  retrieval	  algorithms	  that	  assume	  full	  
coherence	  break	  down	  with	  parBally	  coherent	  light	  	  

§  If	  you	  know	  (or	  guess)	  the	  modal	  distribuBon	  (i.e.	  its	  weighBng	  
µn),	  you	  can	  fold	  this	  into	  the	  algorithm	  to	  opBmize	  for	  each	  mode	  

	  

SEM	  of	  Au	  test	  paYern	   ConvenBonal	  reconstrucBon	  with	  
parBal	  spaBal	  coherence	  

ReconstrucBon	  incorporaBng	  
3	  spaBally	  coherent	  modes	  

L.	  Whitehead,	  PRL	  103,	  243902	  (2009)	  
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Going broadband: use polychromatic light 

B.	  Abbey,	  Nature	  Photonics	  5,	  420	  (2011)	  

Use	  of	  enBre	  first	  undulator	  harmonic	  (~2.5%	  
BW)	  gives	  60x	  gain	  in	  measurement	  speed.	  
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Quantitative exploration 

Gold	  test	  paYern	  
	  
	  
	  
DiffracBon	  paYern	  (1.4	  keV)	  recorded	  
with	  decreasing	  degree	  of	  coherence	  
(open	  up	  	  the	  beamline	  slits)	  
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Limits of partial coherence on phase recovery 

B.	  Chen,	  PRB	  86,	  235401	  (2012)	  
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Approach is more general than it might appear 

§  Fringe	  blurring	  can	  also	  be	  thought	  of	  
as	  being	  due	  to	  sample	  vibraBon,	  drin,	  
detector	  resoluBon	  funcBon,	  etc.	  	  

§  New	  methods	  for	  handling	  blurring	  
(e.g.	  Gaussian	  approx.,	  quantum	  state	  
approach),	  look	  even	  more	  promising.	  

§  These	  methods	  seem	  to	  work	  best	  
when	  the	  number	  of	  modes	  ≤	  10 	  	  	  	  	  	  
-‐>	  well	  suited	  to	  hard	  x-‐rays	  from	  an	  
MBA	  laBce	  

	  

J. Clark, Nature Comms. 3, 993 (2012) 
P. Thibault, Nature 494, 68 (2013) 
J. Clark, PRL 112, 113901 (2014) 
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