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Effect of periodicity
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Effect of periodicity
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Crystal diffraction
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Radiation damage

Axford et al., Acta Cryst. D (2012)
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Outrunning damage — X-ray free electron laser

S. Boutet et al. Science 337, 362 (2012)
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Time resolved serial crystallography

Schmidt, Advances in Condensed Matter Physics (2013)
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Orientation determination - indexing
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Orientation determination - indexing

1. embed Bragg peaks onto the Ewald sphere 
2. find crystal unit cell parameters & orientation using Fourier  

methods (requires at least 20-30 resolvable peaks)



XFEL beamlines synchrotron beamlines

LCLS 7

> 40 facilities > 10 each

SACLA 3

European XFEL 6

PAL-XFEL 3

SwissFEL 2

XFEL vs. synchrotron
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Synchrotron-based serial crystallography

Stellato et al., IUCrJ (2014)
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Sparse data frame



target
rotational 

parameters source

aligned crystal 1 table-top

aligned crystal 2 table-top

unaligned 
microcrystal

3 synchrotron

Roadmap for sparse serial crystallography
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Wierman et al., IUCrJ (2016)

Single-axis experiment
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~200 photons/frame

400 µm protein crystal 
8.8M data frames detector



The expand-maximize-compress (EMC) algorithm

Loh & Elser, Phys. Rev. E (2009)

Expand (E)

Compress (C)

 conditional probability over  
  orientations of each frame

Maximize 
likelihood (M)

data frames

Ewald-sphere slices

updated slices
intensity model
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The expand (E) step
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Expand (E)

Ewald-sphere slices

intensity model

pixel 

orientation 

data frame



Conditional probability calculation
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 conditional probability over  
  orientations of each frame

data frames

Ewald-sphere slices



The maximize (M) step
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 conditional probability over  
  orientations of each frame

Maximize 
likelihood (M)

updated slices



The compress (C) step
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Compress (C)

intensity model
updated slices
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l  = 11 l  = 12 l  = 13
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Two-axis experiment
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Lan et al., J. Appl. Cryst. (2017)

400 µm protein crystal 
270k data frames

detector
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Peak statistics

~3000 photons/frame
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EMC - local update scheme
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k = 9 k = 10 k = 11



serial micro-crystallography at synchrotrons 
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Martin-Garcia et al., IUCrJ (2017)

5-10 µm protein crystals 
300k data frames, taken at 
Advanced Photon Source  
by the ASU group

gel injector



data frames resolution

Martin-Garcia et al., 
IUCrJ (2017)

strongest 5% 2.0 Å

This work
the rejected 95% by  
Martin-Garcia et al.

comparable 
value

Goal for the reconstruction
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• data reduction 

• background scatter 

• varying crystal size

Complicating factors
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peak identification
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peak identification
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peak identification



Powder pattern      unit cell parameters
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• data reduction 

• background scatter 

• varying crystal size

✓
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Modified EMC algorithm

Expand (E)

Compress (C)

 conditional probability over  
  orientations of each frame

Maximize 
likelihood (M)

data frames

intensity model

Ewald-sphere 
slices

crystal size

background
estimates

updated slices

updated  
crystal size



38

The expand (E) step

Expand (E)

intensity model

Ewald-sphere 
slices
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Conditional probability calculation

 conditional probability over  
  orientations of each frame

data frames

Ewald-sphere 
slices

background
estimates
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 conditional probability over  
  orientations of each frame

Maximize 
likelihood (M)

updated slices

updated  
crystal size

The maximize (M) step

• update

• update
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The compress (C) step

Compress (C)

intensity model updated slices
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Summary

• Indexability does not limit the smallest usable 
crystal size in serial crystallography. 

• Further reduction of background scatter will 
enable protein structure determination from much 
smaller crystals at synchrotron sources.
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