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signal vs noise

“If you don’t have  
good data, 

then you must  
learn statistics.”

-James Holton
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12 + 12 = 1.42 

!

32 + 12 = 3.22 

!

102 + 12 = 10.052
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Fractional error at XFEL

mult > (—)2~100% 

<ΔF/F>

Gd lyso: ΔF/F = 8.7%  → mult = 132 
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The “partiality problem”
0.006°

1 µm xtal 
1 Å x-rays
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Intensity of a Bragg spot

Ispot = k(d,λ,P,ω,Xdet,Ydet) * |F(hkl)|2



Darwin’s Formula
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Take home lesson: 
 
 

Darwin’s Formula 
does not work 

at XFELs!

Mosflm, XDS, Denzo will not work
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NO

Why do we want to 
 rotate the crystal?
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The “nanocrystal advantage”

Ispot = k Ncells

Ewald sphere 
range

2



Fraunhofer’s Formula

Ipixel - photons/pixel/s 

Ibeam - incident (photons/s/m2 ) 

re - classical electron radius  
    (2.818x10-15 m) 

hkl - index of pixel (a·(up+us)/λ) 

a - orientation (recip. cell vectors) 

up,us - unit vector pointing at   
   pixel,source 

λ - x-ray wavelength (in meters!)

N - number of cells (each direction) 

Ω - solid angle of pixel (steradian) 

P - polarization factor  

      (1+cos2(2θ) -Pfac·cos(2Φ)sin2(2θ))/2 

A - attenuation factor  

   exp(-µxtal·lpath) 

F(hkl) - structure amplitude (electrons) 
!

see: Kirian et al. (2010)

P A | F(hkl) |2
sin(πN·hkl)
sin(π·hkl)

Ipixel = Ibeam re
2 Ω

2



fastBragg

P A | F(hkl) |2
sin(πN·hkl)
sin(π·hkl)

Ipixel = Ibeam re
2 Ω

http://bl831.als.lbl.gov/~jamesh/fastBragg/
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signal vs noise

“Control! Control! 
you must learn 
CONTROL!!!”

-Yoda
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nearBragg program
http://bl831.als.lbl.gov/~jamesh/nearBragg/

•“assumption-free” total scattering
•no Fourier Transform
•no unit cells
•no “mosaicity”
•arbitrary “atoms”
•arbitrary “source”
•coherent or not
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scattering from a crystal structure
False color intensity
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100 fs damage “threshold”

Lomb et al. (2011) Phys Rev B 84, 214111
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Rough values of energy quanta

1 MeV  100 GJ/mol  Medical radiation therapy 

100 keV 10 GJ/mol  Medical imaging 

10 keV 1 GJ/mol  X-ray crystallography 

1 keV  100 MJ/mol  S and P K-edges 

100 eV 10 MJ/mol  “water window” 

10 eV  1 MJ/mol  C≡C bond 

1 eV  100 kJ/mol  C-C bond, visible light 

100 meV 10 kJ/mol  hydrogen bond 

10 meV 1 kJ/mol  heat (~300 K)
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data taken from Banumathi, et al. (2004) Acta Cryst. D 60, 1085-1093.

Riso ≈ 0.7 %/MGy
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Kendrew et al. (1960) "Structure of Myoglobin” Nature 185, 422-427. 
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Dear	
  James	
  !
The	
  story	
  of	
  the	
  two	
  forms	
  of	
  lysozyme	
  crystals	
  goes	
  back	
  to	
  about	
  1964	
  when	
  it	
  was	
  found	
  that	
  the	
  diffraction	
  
patterns	
  from	
  different	
  crystals	
  could	
  be	
  placed	
  in	
  one	
  of	
  two	
  classes	
  depending	
  on	
  their	
  intensities.	
  This	
  discovery	
  
was	
  a	
  big	
  set	
  back	
  at	
  the	
  time	
  and	
  I	
  can	
  remember	
  a	
  lecture	
  title	
  being	
  changed	
  from	
  the	
  'The	
  structure	
  of	
  
lysozyme'	
  to	
  'The	
  structure	
  of	
  lysozyme	
  two	
  steps	
  forward	
  and	
  one	
  step	
  back'.	
  Thereafter	
  the	
  crystals	
  were	
  
screened	
  based	
  on	
  intensities	
  of	
  the	
  (11,11,l)	
  rows	
  to	
  distinguish	
  them	
  (e.g.	
  11,11,4	
  >	
  11,11,5	
  in	
  one	
  form	
  and	
  vice	
  
versa	
  in	
  another).	
  Data	
  were	
  collected	
  only	
  for	
  those	
  that	
  fulfilled	
  the	
  Type	
  II	
  criteria.	
  (These	
  reflections	
  were	
  easy	
  
to	
  measure	
  on	
  the	
  linear	
  diffractometer	
  because	
  crystals	
  were	
  mounted	
  to	
  rotate	
  about	
  the	
  diagonal	
  axis).	
  As	
  I	
  
recall	
  both	
  Type	
  I	
  and	
  Type	
  II	
  could	
  be	
  found	
  in	
  the	
  same	
  crystallisation	
  batch	
  .	
  Although	
  sometimes	
  the	
  external	
  
morphology	
  allowed	
  recognition	
  this	
  was	
  not	
  infallible.	
  	
  !
The	
  structure	
  was	
  based	
  on	
  Type	
  II	
  crystals.	
  Later	
  a	
  graduate	
  student	
  Helen	
  Handoll	
  examined	
  Type	
  I.	
  The	
  work,	
  
which	
  was	
  in	
  the	
  early	
  days	
  and	
  before	
  refinement	
  programmes,	
  seemed	
  to	
  suggest	
  that	
  the	
  differences	
  lay	
  in	
  the	
  
arrangement	
  of	
  water	
  or	
  chloride	
  molecules	
  (Lysozyme	
  was	
  crystallised	
  from	
  NaCl).	
  But	
  the	
  work	
  was	
  never	
  
written	
  up.	
  Keith	
  Wilson	
  at	
  one	
  stage	
  was	
  following	
  this	
  up	
  as	
  lysozyme	
  was	
  being	
  used	
  to	
  test	
  data	
  collection	
  
strategies	
  but	
  I	
  do	
  not	
  know	
  the	
  outcome.	
  	
  !
An	
  account	
  of	
  this	
  is	
  given	
  in	
  International	
  Table	
  Volume	
  F	
  (Rossmann	
  and	
  Arnold	
  edited	
  2001)	
  p760.	
  	
  !
Tony	
  North	
  was	
  much	
  involved	
  in	
  sorting	
  this	
  out	
  and	
  if	
  you	
  wanted	
  more	
  info	
  he	
  would	
  be	
  the	
  person	
  to	
  contact.	
  I	
  
hope	
  this	
  is	
  helpful.	
  Do	
  let	
  me	
  know	
  if	
  you	
  need	
  more.	
  	
  !
Best	
  wishes	
  	
  !
Louise	
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Where: 
〈I〉DL - average damage-limited intensity (photons/hkl) at a given resolution 
105 - converting R from µm to m, re from m to Å, ρ from g/cm3 to kg/m3 and MGy to Gy 
re - classical electron radius (2.818 x 10-15 m/electron) 
h - Planck’s constant (6.626 x 10-34 J·s) 
c - speed of light (299792458 m/s) 
fdecayed - fractional progress toward completely faded spots at end of data set 
ρ - density of crystal (~1.2 g/cm3) 
R - radius of the spherical crystal (µm) 
λ - X-ray wavelength (Å) 
fNH - the Nave & Hill (2005) dose capture fraction (1 for large crystals) 
nASU - number of proteins in the asymmetric unit 
Mr - molecular weight of the protein (Daltons or g/mol) 
VM - Matthews’s coefficient (~2.4 Å3/Dalton) 
H - Howells’s criterion (10 MGy/Å) 
θ - Bragg angle 
〈ƒa

2〉 - number-averaged squared structure factor per protein atom (electron2) 
〈Ma〉 - number-averaged atomic weight of a protein atom (~7.1 Daltons) 
B - average (Wilson) temperature factor (Å2) 
µ - attenuation coefficient of sphere material (m-1) 
µen - mass energy-absorption coefficient of sphere material (m-1)
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Summary
http://bl831a.als.lbl.gov/ 
~jamesh/powerpoint/BioXFEL_SvN_2014.pptx 
http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



Partiality is backwards with stills

Summary
http://bl831a.als.lbl.gov/ 
~jamesh/powerpoint/BioXFEL_SvN_2014.pptx 
http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



Partiality is backwards with stills
Check your Wilson plot

Summary
http://bl831a.als.lbl.gov/ 
~jamesh/powerpoint/BioXFEL_SvN_2014.pptx 
http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



Partiality is backwards with stills
Check your Wilson plot
Control: try fake data

Summary
http://bl831a.als.lbl.gov/ 
~jamesh/powerpoint/BioXFEL_SvN_2014.pptx 
http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



Partiality is backwards with stills
Check your Wilson plot
Control: try fake data

The B factor is everything

Summary
http://bl831a.als.lbl.gov/ 
~jamesh/powerpoint/BioXFEL_SvN_2014.pptx 
http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



My questions:

http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



How do I convert SMV to XTC?

My questions:

http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



How do I convert SMV to XTC?
How do I convert XTC to SMV?

My questions:

http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/



How do I convert SMV to XTC?
How do I convert XTC to SMV?

Can you get Fs from my fastBragg data?

My questions:

http://bl831a.als.lbl.gov/ 
example_data_sets/Illuin/LCLS/
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σ0 rms read-out noise (ADU) 
gain ADU/photon 
m multiplicity of data set (including partials)
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refhr −⋅

σ⋅⋅
=

thr  Optimal exposure time for data set (s) 
tref  exposure time of reference image (s) 
bgref  background level near weak spots on  
 reference image (ADU) 
bg0 ADC offset of detector (ADU) 
bghr optimal background level (via thr) 
σ0 rms read-out noise (ADU) 
gain ADU/photon 
m multiplicity of data set (including partials)

adjust exposure 
so this is ~100
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Where do photons go?

beamstop

Transmitted (98%)

Protein 
1A x-rays

attenuation correction cannot be > ~2% 
for 100 µm xtal at 1 Å
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look at temperature and sample motion", J. Appl. Cryst. 41, 1122-1133.
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Detector calibration: 7247 eV

target: 
oil 
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Detector calibration: 7235 eV
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oil 
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Detector calibration: ALS 8.3.1



Detector calibration errors: detector 2



Detector calibration errors: detector 3
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7235 eV



Detector calibration

7223 eV
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Calibration Error

down up
Rseparate



Calibration Error

odd even
Rmixed



Calibration Error
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Calibration Error

separate: 

mixed:

2.5% 

0.9%

2.5%2-0.9%2 = 2.3%2
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Detector calibration: 7247 eV
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Dan Schuette PhD Thesis (2008) Fig 6.22 page 198, Gruner Lab, Cornell University. 

Pilatus is not immune!

Spatial Heterogeneity in Sharp Spot Sensitivity 
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lysozyme: real and reciprocal



lysozyme: thermal motion



Muybridge’s galloping horse (1878)



Muybridge’s multi-camera



Muybridge’s galloping horse (1878)

Real space reciprocal

“Time-resolved” diffraction



Muybridge’s galloping horse (1878)

Real space reciprocal

Average intensity



Muybridge’s galloping horse (1878)

Real space reciprocal

Average electron density



Muybridge’s galloping horse (1878)

Real space reciprocal

Sum(intensity) – Sum(density) = diffuse scatter



Muybridge’s galloping horse (1878)

Real space reciprocal

Fincoh – Fcoherent with density phases



Muybridge’s galloping horse (1878)

Real space reciprocal

RMS variation in density
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1aho 
Scorpion toxin
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64 residues
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Molecular Dynamics Simulation

1aho 
Scorpion toxin

0.96 Å resolution
64 residues
Solvent: H20 + acetate

Cerutti et al. (2010).J. Phys. Chem. B 114, 12811-12824. 

using real 
crystal’s lattice



30 conformers from 24,000



Electron density from 24,000 conformers



Electron density from 24,000 conformers



2Fsim-Fcalc and Fsim-Fcalc maps

1.0 Å data 
Rcryst= 0.137 
Rfree = 0.159
1 “sigma” 2Fsim-Fc 
2.5 “sigma” Fsim-Fc



2Fsim-Fcalc and (Fsim Φsim) - (Fcalc Φcalc) maps

1 “sigma” 2Fsim-Fc 
Fright – (2Fsim-Fc)

1.0 Å data 
Rcryst= 0.137 
Rfree = 0.159



Regular model with real data!

1 “sigma” 2Fsim-Fc 
2.5 “sigma” Fsim-Fc

1.0 Å data 
Rcryst= 0.116 
Rfree = 0.135



Molecular Dynamics vs Observation
1aho 64-residue scorpion toxin in water to 1.0 Å resolution
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1aho 64-residue scorpion toxin in water to 1.0 Å resolution
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1aho 64-residue scorpion toxin in water to 1.0 Å resolution



Molecular Dynamics vs Observation

Fobs

1aho.cif 1aho.pdb

Fsim FcalcFcalc
Rcryst= 0.137 Rcryst= 0.116

refined_vs_Fsim.pdb

1aho 64-residue scorpion toxin in water to 1.0 Å resolution



Molecular Dynamics vs Observation

Fobs

1aho.cif 1aho.pdb

Fsim FcalcFcalc
Rcryst= 0.137 Rcryst= 0.116

refined_vs_Fsim.pdb

1aho 64-residue scorpion toxin in water to 1.0 Å resolution



Molecular Dynamics vs Observation

Fobs

1aho.cif 1aho.pdb

Fsim FcalcFcalc
Rcryst= 0.137 Rcryst= 0.116

refined_vs_Fsim.pdb

1aho 64-residue scorpion toxin in water to 1.0 Å resolution

Rfree =



Molecular Dynamics vs Observation

Fobs

1aho.cif 1aho.pdb

Fsim FcalcFcalc
Rcryst= 0.137 Rcryst= 0.116Rfree =  0.69

refined_vs_Fsim.pdb

1aho 64-residue scorpion toxin in water to 1.0 Å resolution



Molecular Dynamics vs Observation

Fobs

1aho.cif 1aho.pdb

Fsim FcalcFcalc
Rcryst= 0.137 Rcryst= 0.116Rfree =  0.69

refined_vs_Fsim.pdb

1aho 64-residue scorpion toxin in water to 1.0 Å resolution

Rfree = 0.48 to 4 Å



Molecular Dynamics vs Observation

Fobs

1aho.cif 1aho.pdb

Fsim FcalcFcalc
Rcryst= 0.137 Rcryst= 0.116Rfree =  0.69

refined_vs_Fsim.pdb

LSQ rmsd = 0.43Å

rmsd = 1.05 Å

1aho 64-residue scorpion toxin in water to 1.0 Å resolution

Rfree = 0.48 to 4 Å



Molecular Dynamics vs Observation

RMSD 
1.05 Å



Molecular Dynamics vs Observation

RMSD 
0.45 Å 
aligned



Molecular Dynamics vs Observation

Sodium acetate trihydrate 
5 atoms 
3 waters 
0.9 Å resolution 
C2/c



Molecular Dynamics vs Observation

Sodium acetate trihydrate 
5 atoms 
3 waters 
0.9 Å resolution 
C2/c

Rfree = 0.03



Molecular Dynamics vs Observation

fav8 
8 residues 
4 waters 
1.0 Å resolution 
P1
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Fobs

fav8.fcf fav8.cif

Fsim FcalcFcalc

refined_vs_Fsim.pdb

“fav8” 8-residue aromatic peptide with 4 waters to 1.0 Å resolution
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“fav8” 8-residue aromatic peptide with 4 waters to 1.0 Å resolution
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Fobs

fav8.fcf fav8.cif

Fsim FcalcFcalc
Rcryst= 0.13 Rcryst= 0.16

refined_vs_Fsim.pdb

“fav8” 8-residue aromatic peptide with 4 waters to 1.0 Å resolution



Molecular Dynamics vs Observation

Fobs

fav8.fcf fav8.cif

Fsim FcalcFcalc
Rcryst= 0.13 Rcryst= 0.16
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