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Nanocrystals delivered 
in serial manner (in 
random orientations)
in diffract-and-destroy 
regime

One diffraction pattern  
per crystal per X-ray pulse

Femtosecond
X-ray pulses

Serial femtosecond crystallography 
(SFX)
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CSPAD

SFX data analysis pipeline
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Cheetah
1. Hit finding (data reduction)
2. Background estimation, removal
3. Clean diff. pattern & meta data Æ

HDF5
4. Statistics & prelim. analysis

CrystFEL
1. Indexing
2. Integration
3. Merging
4. Post refinement
5. Indexing ambiguity removal

CCP4, 
Phenix et al.
Phasing, building,  
refinement, 
validation

DAQ: XTC files, 
containing X-ray 

pulse parameters, 
diagnostics, motor 

positions, ..
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• New type of data 
• Large amount of data
• New, complicated detectors

LCLS fires at 120 Hz
CSPAD detector at CXI, LCLS: 2.3 x 106 pixels, 16 bit
4.6 MB / frame  =  2 TB / hour
ÆUp to ~ 120 TB  from a single experiment (5 

shifts) from one detector

European  XFEL  will  run  at  27,000  Hz…
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Data retention at LCLS
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Papers take ~2 years to publish: 
6 months is very little time for deletion of raw data
Need reliable, high throughput data reduction software
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Cheetah
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A. Barty, et al. (2014) Cheetah: software for high-throughput reduction and analysis of serial 
femtosecond X-ray diffraction data. J Appl Cryst. 47  1118.

www.desy.de/~barty/cheetah

• Raw data Æ
diffraction frames 

• Parallelized
• High throughput
• Live feedback during 

experiment

• Preinstalled at SLAC
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CSPAD geometry: non trivial

perfectly aligned between modules, and because precise knowledge of module boundaries is typically discarded 

when individual modules are assembled into a single image prior to analysis. A virtual powder diffraction pattern 

formed by summing diffraction from many lysozyme nanocrystals in both raw and assembled layouts is shown in 

Figure 2, illustrating clearly the different pixel layout between raw and assembled data. 

 

  

Figure 1 (a) 'Raw', non-interpolated layout of detector data (in this case for the CSPAD detector) with well defined module 

boundaries as internally represented for data processing. (b) 'Assembled' layout of the same modules as mounted on the physical 

detector system. A pixel map containing the coordinates of each data pixel in a suitably defined laboratory coordinate system is 

used to map between data in 'raw' layout and pixel locations in physical space.   

 

Figure 2 Virtual powder diffraction data (see section 2.5.3) from many Lysozyme nanocrystals in (a) 'Raw', non-interpolated 

layout of detector data and (b) 'Assembled' layout. Assembling a physically-correct image requires interpolation of the raw data 

onto a regular pixel grid due to tolerances in the placement of individual modules, and results ini irregular locations of individual 

module boundaries.  The gaps between detector modules need to be accounted for in analysis, and module geometry may be 

refined during subsequent analysis. For these reasons data analysis is performed in raw layout whenever possible.    

 

Accurate specification of detector geometry is critical for certain types of analysis, for example radial integration 

of powder patterns or indexing of nanocrystal diffraction patterns.  Detector geometry is specified in a pixel location 

Data layout Physical layout
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H. T. Philipp et al. (2011) Pixel array detector for x-ray free 
electron laser experiments. Nucl Instrum. Methods A 649, 67. 

fast scan

slow 
scan
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Physical layout
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Data layout
Virtual powder

Physical layout 
Virtual powder

Data quality is very sensitive to precise geometry. 
Comparison of predicted and found peak locations can be used to 
refine the detector geometry

Figures from 
Anton Barty
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Cheetah: background subtraction
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(right) After local 
background subtraction

Background = median of pixels in the box
• Assumes peaks are small compared to 

background variations
• Requires more background pixels in box 

than peak-containing pixels

Selection of local background radius is 
important

Use data from the current frame to 
estimate background in current frame

Figures adapted  
from Anton Barty
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Cheetah: useful diagnostic tool
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Saturation plots

Figures from Anton 
Barty, Tom Grant
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CrystFEL

• Software for serial crystallography data analysis
• Designed for, but not limited to, working with XFEL data
• Free and open-source (GNU GPL3)

Software for serial crystallography
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www.desy.de/~twhite/crystfel
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CrystFEL processing pipeline (each image)
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Once parameters have been optimized, processing is completely 
automatic, and parallelized. 
Command line driven, easily called from scripts
Well documented; full tutorial online

Figure from 
Tom White
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CrystFEL’s core programs
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• File  formats:  HDF5’s,  everything  else  is  text
• Stream file contains everything about each diffraction pattern: e.g. peaks positions 

(found; integrated), reflection intensities, cell parameters, indexing method

• Share library contains most of CrystFEL functionality
• External programs can use these functions too

e.g. R split, CC ½, CC*, CCano, 
SNR, multiplicity

Figure from 
Tom White
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Unknown unit cell?
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CrystFEL’s unit cell explorer

• Displays indexing results from different algorithms / space groups
• Fits Gaussians to calculate mean cell parameters

Figure from 
Tom White
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If the lattice has higher symmetry 
than the unit cell, the diffraction 
pattern can be indexed in more 
than one orientation since the 
lattice has the same geometry in 
various orientations of the crystal

Autoindexing algorithms  can’t  tell  
these apart, so for SFX data are 
(initially) merged in higher 
symmetry

16

Indexing ambiguities

e.g. P63 will have as P6322 symmetry

Software for serial crystallography
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Nadia Zatsepin
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Ambigator: removing the indexing ambiguity
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Introduction
Since the first experiments at the Linac Coherent Light Source (LCLS) in 2009, the technique of Serial 
Femtosecond Crystallography (SFX) has become a popular and routine technique for gaining structural 
information from small protein crystals using X-ray free-electron laser (XFEL) sources.   This technique, in 
which a series of small crystals are probed in random orientations one after the other, requires 
modifications to the conventional data processing pipeline formacromolecular crystallography.  The 
CrystFEL software suite, a project of the Coherent Imaging  Division at CFEL, addresses these 
requirements and has become the leading software for SFX data analysis.

Recently, new developments have been made which offer solutions to two of the main problems which to 
date have affected SFX: the indexing ambiguity, and inability to estimate partialities of reflections. 

Right: The main indexing and integration pipeline embodied in CrystFEL.

Coherent Imaging Division

1. Coherent Imaging Division, Center for Free-Electron Laser Science, DESY, Notkestraße 85, 22607 Hamburg, Germany.
2. Department of Biology, Universität Konstanz, Box 647, 78457 Konstanz, Germany.

3. University of Hamburg, 22761 Hamburg, Germany.

Di ract ion
pat tern Peak search

Choice of m ethods: 
"Zae erer"  gradient  
search, or take peak 

locat ions from  HDF5 le

Indexing

Choice of m ethods:
MOSFLM, DirAx, XDS,

and others

Match unit  cell to 
expected one

Check peak 
locat ions agree with 

indexing solut ion
Spot  predict ion Integrat ion

Choice of m ethods: shoebox 
integrat ion with background 

region, 2D pro le t t ing.

T. A. White1, W. Brehm2, K. Diederichs2 and H. N. Chapman1,3

Progress in XFEL crystallographic data analysis

Indexing ambiguities arise when the symmetry of the crystal structure is lower than the 
symmetry of its lattice.  Indexing works on the peak positions, and cannot therefore 
distinguish between symmetrically related orientations according to the lattice, even if the 
structure does not have this symmetry.  Large amounts of noise make it difficult to resolve 
the ambiguity by correlating intensities.  However, the ambiguity can be resolved by a 
clustering approach (Acta Cryst. D70 (2014) p101).  A further developed and simplified 
version of this algorithm is implemented in CrystFEL.  It operates as follows:

1. A random indexing assignment is made for each crystal.

2. The correlation coefficient between the intensities for each pair of crystals is calculated.

3. For each crystal in turn:

Resolution of indexing ambiguities

Left: Mean correlation coefficients between individual 
crystals in two orientations, showing separation into 
clusters.  Below: Reciprocal space sections before and 
after the resolution procedure, showing that the artificial 
fourfold symmetry arising from the ambiguity has been 
eliminated.

Further reading
T. A. White et al., "CrystFEL: a software suite for snapshot serial crystallography".  Journal of Applied Crystallography 45 (2012) p335 341.
T. A. White et al., "Crystallographic data processing for free-electron laser sources".  Acta Crystallographica D69 (2013) p1231 1240.
W. Brehm and K. Diederichs. "Breaking the indexing ambiguity in serial crystallography". Acta. Cryst. D70 (2014) p101.
T. A. White. "Post-refinement method for snapshot serial crystallography". Phil. Trans. Roy. Soc. B 369 (2014) 20130330.

The CrystFEL website contains downloads, documentation, tutorials, API information for programmers and much more: http://www.desy.de/~twhite/crystfel/

Partiality estimation and post-refinement

4NC3
Serotonin receptor 

bound to ergotamine

4HWY
Natively inhibitied 

Cathepsin B

4O34
Serial crystallography using 

a synchrotron beamline

3PCQ
Photosystem I (the 

first SFX experiment)

4N5R
Lysozyme (Gd derivative) 

ab initio phasing using SAD

4Q54
Photosystem II in S3 

excited state

The mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the same indexing assignment, f, is calculated.

Another mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the opposite indexing assignment, g, is calculated.

The indexing assignment of the current pattern is swapped if g > f. 

4. Step 3 is repeated until the indexing assignments no longer change.

Note that the algorithm does not require a priori knowledge of the actual indexing 
ambiguity operation, but its efficiency can be increased if it is known.

Origin of
reciprocal space

Incident beam
direction

B
C

A

D

E

Limiting
Ewald spheres

In SFX experiments so far, accurate reflection intensity measurements have been by 
averaging many individual measurements from large numbers of crystals.  Assuming that 
the unknown partialities of the reflections are a dominant source of error, a significant 
improvement in the data quality can be expected by making accurate partiality estimates.  
The lattice parameters and orientation information from the indexing process is generally 
not accurate enough to make useful partiality estimates, but post-refinement is the method 
by which the diffraction parameters can be refined.  A suitable post-refinement procedure, 
which can operate on a data set consisting entirely of partially recorded reflections 
and without an external reference, is implemented in CrystFEL.

... and several more!

CrystFEL in the PDB

Right: Illustration of partially 
recorded reflections with 
different values of the partiality 
and Lorentz factor.  In this 
formulation, the Lorentz factor 
accounts for the spectral 
brightness in the vicinity of the 
reflection in reciprocal space 
arising from the bandwidth 
and divergence of the incident 
X-ray beam.

The method can be tested by calculating partial 
reflection intensities, including a random overall 
scaling factor for each crystal.  Spots were 
plotted into images at the calculated positions, 
and each image processed using the usual 
indexing and integration pipeline.  In this way, 
the errors in the initial diffraction parameters 
should be similar to those obtained in a real 
experiment.  The algorithm should be able to 
retrieve the original input intensities very 
accurately, and indeed does so.

Indexing, integration Scaling and merging 
with post-refinement

Simulated partial reflection 
intensities with scaling factors

Merged intensities

Simulated intensities

Above: R-factor of intensities merged with different methods with 
and without post-refinement compared to initial simulated 
intensities. Below/Left: Flow of test pipeline using "sketches".

"Sketch"
diffraction
patterns

Initial diffraction parameters 
and partial intensities

Results stream

Chapman et al., Nature 2011 Redecke, Nass et al., 
Science 2013

Weierstall et al., Nature 
Communications 2014

Stellato et al., IUCrJ 2014 Barends et al., Nature 2013 Kupitz, Basu et al., Nature 2014

4O9R
Smoothened receptor 

using LCP injector
Liu et al., Science 2013
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1. A random indexing assignment is made for each crystal.

2. The correlation coefficient between the intensities for each pair of crystals is calculated.

3. For each crystal in turn:

Resolution of indexing ambiguities

Left: Mean correlation coefficients between individual 
crystals in two orientations, showing separation into 
clusters.  Below: Reciprocal space sections before and 
after the resolution procedure, showing that the artificial 
fourfold symmetry arising from the ambiguity has been 
eliminated.

Further reading
T. A. White et al., "CrystFEL: a software suite for snapshot serial crystallography".  Journal of Applied Crystallography 45 (2012) p335 341.
T. A. White et al., "Crystallographic data processing for free-electron laser sources".  Acta Crystallographica D69 (2013) p1231 1240.
W. Brehm and K. Diederichs. "Breaking the indexing ambiguity in serial crystallography". Acta. Cryst. D70 (2014) p101.
T. A. White. "Post-refinement method for snapshot serial crystallography". Phil. Trans. Roy. Soc. B 369 (2014) 20130330.

The CrystFEL website contains downloads, documentation, tutorials, API information for programmers and much more: http://www.desy.de/~twhite/crystfel/
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The mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the same indexing assignment, f, is calculated.

Another mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the opposite indexing assignment, g, is calculated.

The indexing assignment of the current pattern is swapped if g > f. 

4. Step 3 is repeated until the indexing assignments no longer change.

Note that the algorithm does not require a priori knowledge of the actual indexing 
ambiguity operation, but its efficiency can be increased if it is known.
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In SFX experiments so far, accurate reflection intensity measurements have been by 
averaging many individual measurements from large numbers of crystals.  Assuming that 
the unknown partialities of the reflections are a dominant source of error, a significant 
improvement in the data quality can be expected by making accurate partiality estimates.  
The lattice parameters and orientation information from the indexing process is generally 
not accurate enough to make useful partiality estimates, but post-refinement is the method 
by which the diffraction parameters can be refined.  A suitable post-refinement procedure, 
which can operate on a data set consisting entirely of partially recorded reflections 
and without an external reference, is implemented in CrystFEL.

... and several more!

CrystFEL in the PDB

Right: Illustration of partially 
recorded reflections with 
different values of the partiality 
and Lorentz factor.  In this 
formulation, the Lorentz factor 
accounts for the spectral 
brightness in the vicinity of the 
reflection in reciprocal space 
arising from the bandwidth 
and divergence of the incident 
X-ray beam.

The method can be tested by calculating partial 
reflection intensities, including a random overall 
scaling factor for each crystal.  Spots were 
plotted into images at the calculated positions, 
and each image processed using the usual 
indexing and integration pipeline.  In this way, 
the errors in the initial diffraction parameters 
should be similar to those obtained in a real 
experiment.  The algorithm should be able to 
retrieve the original input intensities very 
accurately, and indeed does so.

Indexing, integration Scaling and merging 
with post-refinement

Simulated partial reflection 
intensities with scaling factors

Merged intensities

Simulated intensities

Above: R-factor of intensities merged with different methods with 
and without post-refinement compared to initial simulated 
intensities. Below/Left: Flow of test pipeline using "sketches".
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Mean correlation coefficients between 
individual crystals in two orientations, 

showing separation into clusters.

Reciprocal space sections before and after (right) the 
resolution procedure, showing that the artificial fourfold 

symmetry arising from the ambiguity has been eliminated.

• Large amounts of noise make it difficult to resolve the ambiguity by correlating 
intensities. 

• Ambiguity can be resolved by a clustering approach: 
• Brehm & Diederichs (2014) Breaking the indexing ambiguity in serial crystallography. 
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Why do we need so many patterns?
• Crystal size
• Crystal quality
• Crystal isomorphism
• X-ray pulse bandwidth
• X-ray pulse spectrum
• X-ray pulse intensity
• Position of crystal in 

the beam
• Partially recorded 

reflections
…
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R. A. Kirian et al. (2010) Femtosecond protein 
nanocrystallography - data analysis methods. 
Opt. Exp. 18, 5713

A single dif fraction pattern only records 2D data 
on the Ewald sphere

9

Ways to collect full 3D:

•Vary direction of k in 
(rotate the sample)

•Vary magnitude of k in

(change wavelength)

http://xray.bmc.uu.se/spb/

k in

An angular integration over the Bragg spot is 
needed to obtain the structure factor. 
One snapshot gives partial reflections.
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Introduction
Since the first experiments at the Linac Coherent Light Source (LCLS) in 2009, the technique of Serial 
Femtosecond Crystallography (SFX) has become a popular and routine technique for gaining structural 
information from small protein crystals using X-ray free-electron laser (XFEL) sources.   This technique, in 
which a series of small crystals are probed in random orientations one after the other, requires 
modifications to the conventional data processing pipeline formacromolecular crystallography.  The 
CrystFEL software suite, a project of the Coherent Imaging  Division at CFEL, addresses these 
requirements and has become the leading software for SFX data analysis.

Recently, new developments have been made which offer solutions to two of the main problems which to 
date have affected SFX: the indexing ambiguity, and inability to estimate partialities of reflections. 

Right: The main indexing and integration pipeline embodied in CrystFEL.
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2. Department of Biology, Universität Konstanz, Box 647, 78457 Konstanz, Germany.

3. University of Hamburg, 22761 Hamburg, Germany.
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Progress in XFEL crystallographic data analysis

Indexing ambiguities arise when the symmetry of the crystal structure is lower than the 
symmetry of its lattice.  Indexing works on the peak positions, and cannot therefore 
distinguish between symmetrically related orientations according to the lattice, even if the 
structure does not have this symmetry.  Large amounts of noise make it difficult to resolve 
the ambiguity by correlating intensities.  However, the ambiguity can be resolved by a 
clustering approach (Acta Cryst. D70 (2014) p101).  A further developed and simplified 
version of this algorithm is implemented in CrystFEL.  It operates as follows:

1. A random indexing assignment is made for each crystal.

2. The correlation coefficient between the intensities for each pair of crystals is calculated.

3. For each crystal in turn:

Resolution of indexing ambiguities

Left: Mean correlation coefficients between individual 
crystals in two orientations, showing separation into 
clusters.  Below: Reciprocal space sections before and 
after the resolution procedure, showing that the artificial 
fourfold symmetry arising from the ambiguity has been 
eliminated.

Further reading
T. A. White et al., "CrystFEL: a software suite for snapshot serial crystallography".  Journal of Applied Crystallography 45 (2012) p335 341.
T. A. White et al., "Crystallographic data processing for free-electron laser sources".  Acta Crystallographica D69 (2013) p1231 1240.
W. Brehm and K. Diederichs. "Breaking the indexing ambiguity in serial crystallography". Acta. Cryst. D70 (2014) p101.
T. A. White. "Post-refinement method for snapshot serial crystallography". Phil. Trans. Roy. Soc. B 369 (2014) 20130330.

The CrystFEL website contains downloads, documentation, tutorials, API information for programmers and much more: http://www.desy.de/~twhite/crystfel/
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The mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the same indexing assignment, f, is calculated.

Another mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the opposite indexing assignment, g, is calculated.

The indexing assignment of the current pattern is swapped if g > f. 

4. Step 3 is repeated until the indexing assignments no longer change.

Note that the algorithm does not require a priori knowledge of the actual indexing 
ambiguity operation, but its efficiency can be increased if it is known.
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In SFX experiments so far, accurate reflection intensity measurements have been by 
averaging many individual measurements from large numbers of crystals.  Assuming that 
the unknown partialities of the reflections are a dominant source of error, a significant 
improvement in the data quality can be expected by making accurate partiality estimates.  
The lattice parameters and orientation information from the indexing process is generally 
not accurate enough to make useful partiality estimates, but post-refinement is the method 
by which the diffraction parameters can be refined.  A suitable post-refinement procedure, 
which can operate on a data set consisting entirely of partially recorded reflections 
and without an external reference, is implemented in CrystFEL.

... and several more!

CrystFEL in the PDB

Right: Illustration of partially 
recorded reflections with 
different values of the partiality 
and Lorentz factor.  In this 
formulation, the Lorentz factor 
accounts for the spectral 
brightness in the vicinity of the 
reflection in reciprocal space 
arising from the bandwidth 
and divergence of the incident 
X-ray beam.

The method can be tested by calculating partial 
reflection intensities, including a random overall 
scaling factor for each crystal.  Spots were 
plotted into images at the calculated positions, 
and each image processed using the usual 
indexing and integration pipeline.  In this way, 
the errors in the initial diffraction parameters 
should be similar to those obtained in a real 
experiment.  The algorithm should be able to 
retrieve the original input intensities very 
accurately, and indeed does so.

Indexing, integration Scaling and merging 
with post-refinement

Simulated partial reflection 
intensities with scaling factors

Merged intensities

Simulated intensities

Above: R-factor of intensities merged with different methods with 
and without post-refinement compared to initial simulated 
intensities. Below/Left: Flow of test pipeline using "sketches".
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Introduction
Since the first experiments at the Linac Coherent Light Source (LCLS) in 2009, the technique of Serial 
Femtosecond Crystallography (SFX) has become a popular and routine technique for gaining structural 
information from small protein crystals using X-ray free-electron laser (XFEL) sources.   This technique, in 
which a series of small crystals are probed in random orientations one after the other, requires 
modifications to the conventional data processing pipeline formacromolecular crystallography.  The 
CrystFEL software suite, a project of the Coherent Imaging  Division at CFEL, addresses these 
requirements and has become the leading software for SFX data analysis.

Recently, new developments have been made which offer solutions to two of the main problems which to 
date have affected SFX: the indexing ambiguity, and inability to estimate partialities of reflections. 

Right: The main indexing and integration pipeline embodied in CrystFEL.
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Progress in XFEL crystallographic data analysis

Indexing ambiguities arise when the symmetry of the crystal structure is lower than the 
symmetry of its lattice.  Indexing works on the peak positions, and cannot therefore 
distinguish between symmetrically related orientations according to the lattice, even if the 
structure does not have this symmetry.  Large amounts of noise make it difficult to resolve 
the ambiguity by correlating intensities.  However, the ambiguity can be resolved by a 
clustering approach (Acta Cryst. D70 (2014) p101).  A further developed and simplified 
version of this algorithm is implemented in CrystFEL.  It operates as follows:

1. A random indexing assignment is made for each crystal.

2. The correlation coefficient between the intensities for each pair of crystals is calculated.

3. For each crystal in turn:

Resolution of indexing ambiguities

Left: Mean correlation coefficients between individual 
crystals in two orientations, showing separation into 
clusters.  Below: Reciprocal space sections before and 
after the resolution procedure, showing that the artificial 
fourfold symmetry arising from the ambiguity has been 
eliminated.

Further reading
T. A. White et al., "CrystFEL: a software suite for snapshot serial crystallography".  Journal of Applied Crystallography 45 (2012) p335 341.
T. A. White et al., "Crystallographic data processing for free-electron laser sources".  Acta Crystallographica D69 (2013) p1231 1240.
W. Brehm and K. Diederichs. "Breaking the indexing ambiguity in serial crystallography". Acta. Cryst. D70 (2014) p101.
T. A. White. "Post-refinement method for snapshot serial crystallography". Phil. Trans. Roy. Soc. B 369 (2014) 20130330.

The CrystFEL website contains downloads, documentation, tutorials, API information for programmers and much more: http://www.desy.de/~twhite/crystfel/
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The mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the same indexing assignment, f, is calculated.

Another mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the opposite indexing assignment, g, is calculated.

The indexing assignment of the current pattern is swapped if g > f. 

4. Step 3 is repeated until the indexing assignments no longer change.

Note that the algorithm does not require a priori knowledge of the actual indexing 
ambiguity operation, but its efficiency can be increased if it is known.

Origin of
reciprocal space

Incident beam
direction

B
C

A

D

E

Limiting
Ewald spheres

In SFX experiments so far, accurate reflection intensity measurements have been by 
averaging many individual measurements from large numbers of crystals.  Assuming that 
the unknown partialities of the reflections are a dominant source of error, a significant 
improvement in the data quality can be expected by making accurate partiality estimates.  
The lattice parameters and orientation information from the indexing process is generally 
not accurate enough to make useful partiality estimates, but post-refinement is the method 
by which the diffraction parameters can be refined.  A suitable post-refinement procedure, 
which can operate on a data set consisting entirely of partially recorded reflections 
and without an external reference, is implemented in CrystFEL.

... and several more!

CrystFEL in the PDB

Right: Illustration of partially 
recorded reflections with 
different values of the partiality 
and Lorentz factor.  In this 
formulation, the Lorentz factor 
accounts for the spectral 
brightness in the vicinity of the 
reflection in reciprocal space 
arising from the bandwidth 
and divergence of the incident 
X-ray beam.

The method can be tested by calculating partial 
reflection intensities, including a random overall 
scaling factor for each crystal.  Spots were 
plotted into images at the calculated positions, 
and each image processed using the usual 
indexing and integration pipeline.  In this way, 
the errors in the initial diffraction parameters 
should be similar to those obtained in a real 
experiment.  The algorithm should be able to 
retrieve the original input intensities very 
accurately, and indeed does so.
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Above: R-factor of intensities merged with different methods with 
and without post-refinement compared to initial simulated 
intensities. Below/Left: Flow of test pipeline using "sketches".
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White, T. (2014) Post-refinement method 
for snapshot serial crystallography. Phil. 
Trans. R. Soc. B 369, 20130330

Algorithm similar to: Kabsch, W. (2010) 
Integration, scaling, space-group 
assignment and post-refinement. Acta
Cryst D. 66, 133.  
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Figures from Tom White. 
See: White, T. (2014) Phil. Trans. R. Soc. B 369, 20130330 .
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White, T. (2014) Post-refinement method for snapshot serial crystallography. Phil. Trans. R. Soc. B 369, 
20130330 .

Algorithm similar to: Kabsch, W. (2010) Integration, scaling, space-group assignment and post-
refinement. Acta Cryst D. 66, 133.  

Figures from Tom White. 
See: White, T. (2014) Phil. Trans. R. Soc. B 369, 20130330 .
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Figures from Gati, C. et al. Serial crysta-
llography on in vivo grown microcrystals 
using synchrotron radiation. IUCrJ 2014.
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Introduction
Since the first experiments at the Linac Coherent Light Source (LCLS) in 2009, the technique of Serial 
Femtosecond Crystallography (SFX) has become a popular and routine technique for gaining structural 
information from small protein crystals using X-ray free-electron laser (XFEL) sources.   This technique, in 
which a series of small crystals are probed in random orientations one after the other, requires 
modifications to the conventional data processing pipeline formacromolecular crystallography.  The 
CrystFEL software suite, a project of the Coherent Imaging  Division at CFEL, addresses these 
requirements and has become the leading software for SFX data analysis.

Recently, new developments have been made which offer solutions to two of the main problems which to 
date have affected SFX: the indexing ambiguity, and inability to estimate partialities of reflections. 

Right: The main indexing and integration pipeline embodied in CrystFEL.
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Progress in XFEL crystallographic data analysis

Indexing ambiguities arise when the symmetry of the crystal structure is lower than the 
symmetry of its lattice.  Indexing works on the peak positions, and cannot therefore 
distinguish between symmetrically related orientations according to the lattice, even if the 
structure does not have this symmetry.  Large amounts of noise make it difficult to resolve 
the ambiguity by correlating intensities.  However, the ambiguity can be resolved by a 
clustering approach (Acta Cryst. D70 (2014) p101).  A further developed and simplified 
version of this algorithm is implemented in CrystFEL.  It operates as follows:

1. A random indexing assignment is made for each crystal.

2. The correlation coefficient between the intensities for each pair of crystals is calculated.

3. For each crystal in turn:

Resolution of indexing ambiguities

Left: Mean correlation coefficients between individual 
crystals in two orientations, showing separation into 
clusters.  Below: Reciprocal space sections before and 
after the resolution procedure, showing that the artificial 
fourfold symmetry arising from the ambiguity has been 
eliminated.

Further reading
T. A. White et al., "CrystFEL: a software suite for snapshot serial crystallography".  Journal of Applied Crystallography 45 (2012) p335 341.
T. A. White et al., "Crystallographic data processing for free-electron laser sources".  Acta Crystallographica D69 (2013) p1231 1240.
W. Brehm and K. Diederichs. "Breaking the indexing ambiguity in serial crystallography". Acta. Cryst. D70 (2014) p101.
T. A. White. "Post-refinement method for snapshot serial crystallography". Phil. Trans. Roy. Soc. B 369 (2014) 20130330.

The CrystFEL website contains downloads, documentation, tutorials, API information for programmers and much more: http://www.desy.de/~twhite/crystfel/
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The mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the same indexing assignment, f, is calculated.

Another mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the opposite indexing assignment, g, is calculated.

The indexing assignment of the current pattern is swapped if g > f. 

4. Step 3 is repeated until the indexing assignments no longer change.

Note that the algorithm does not require a priori knowledge of the actual indexing 
ambiguity operation, but its efficiency can be increased if it is known.
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In SFX experiments so far, accurate reflection intensity measurements have been by 
averaging many individual measurements from large numbers of crystals.  Assuming that 
the unknown partialities of the reflections are a dominant source of error, a significant 
improvement in the data quality can be expected by making accurate partiality estimates.  
The lattice parameters and orientation information from the indexing process is generally 
not accurate enough to make useful partiality estimates, but post-refinement is the method 
by which the diffraction parameters can be refined.  A suitable post-refinement procedure, 
which can operate on a data set consisting entirely of partially recorded reflections 
and without an external reference, is implemented in CrystFEL.

... and several more!

CrystFEL in the PDB

Right: Illustration of partially 
recorded reflections with 
different values of the partiality 
and Lorentz factor.  In this 
formulation, the Lorentz factor 
accounts for the spectral 
brightness in the vicinity of the 
reflection in reciprocal space 
arising from the bandwidth 
and divergence of the incident 
X-ray beam.

The method can be tested by calculating partial 
reflection intensities, including a random overall 
scaling factor for each crystal.  Spots were 
plotted into images at the calculated positions, 
and each image processed using the usual 
indexing and integration pipeline.  In this way, 
the errors in the initial diffraction parameters 
should be similar to those obtained in a real 
experiment.  The algorithm should be able to 
retrieve the original input intensities very 
accurately, and indeed does so.
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Above: R-factor of intensities merged with different methods with 
and without post-refinement compared to initial simulated 
intensities. Below/Left: Flow of test pipeline using "sketches".
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Introduction
Since the first experiments at the Linac Coherent Light Source (LCLS) in 2009, the technique of Serial 
Femtosecond Crystallography (SFX) has become a popular and routine technique for gaining structural 
information from small protein crystals using X-ray free-electron laser (XFEL) sources.   This technique, in 
which a series of small crystals are probed in random orientations one after the other, requires 
modifications to the conventional data processing pipeline formacromolecular crystallography.  The 
CrystFEL software suite, a project of the Coherent Imaging  Division at CFEL, addresses these 
requirements and has become the leading software for SFX data analysis.

Recently, new developments have been made which offer solutions to two of the main problems which to 
date have affected SFX: the indexing ambiguity, and inability to estimate partialities of reflections. 

Right: The main indexing and integration pipeline embodied in CrystFEL.
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Progress in XFEL crystallographic data analysis

Indexing ambiguities arise when the symmetry of the crystal structure is lower than the 
symmetry of its lattice.  Indexing works on the peak positions, and cannot therefore 
distinguish between symmetrically related orientations according to the lattice, even if the 
structure does not have this symmetry.  Large amounts of noise make it difficult to resolve 
the ambiguity by correlating intensities.  However, the ambiguity can be resolved by a 
clustering approach (Acta Cryst. D70 (2014) p101).  A further developed and simplified 
version of this algorithm is implemented in CrystFEL.  It operates as follows:

1. A random indexing assignment is made for each crystal.

2. The correlation coefficient between the intensities for each pair of crystals is calculated.

3. For each crystal in turn:

Resolution of indexing ambiguities

Left: Mean correlation coefficients between individual 
crystals in two orientations, showing separation into 
clusters.  Below: Reciprocal space sections before and 
after the resolution procedure, showing that the artificial 
fourfold symmetry arising from the ambiguity has been 
eliminated.

Further reading
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W. Brehm and K. Diederichs. "Breaking the indexing ambiguity in serial crystallography". Acta. Cryst. D70 (2014) p101.
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The CrystFEL website contains downloads, documentation, tutorials, API information for programmers and much more: http://www.desy.de/~twhite/crystfel/

Partiality estimation and post-refinement
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The mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the same indexing assignment, f, is calculated.

Another mean of correlation coefficients between this crystal's intensities and the 
intensities of all other crystals with the opposite indexing assignment, g, is calculated.

The indexing assignment of the current pattern is swapped if g > f. 

4. Step 3 is repeated until the indexing assignments no longer change.

Note that the algorithm does not require a priori knowledge of the actual indexing 
ambiguity operation, but its efficiency can be increased if it is known.
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In SFX experiments so far, accurate reflection intensity measurements have been by 
averaging many individual measurements from large numbers of crystals.  Assuming that 
the unknown partialities of the reflections are a dominant source of error, a significant 
improvement in the data quality can be expected by making accurate partiality estimates.  
The lattice parameters and orientation information from the indexing process is generally 
not accurate enough to make useful partiality estimates, but post-refinement is the method 
by which the diffraction parameters can be refined.  A suitable post-refinement procedure, 
which can operate on a data set consisting entirely of partially recorded reflections 
and without an external reference, is implemented in CrystFEL.

... and several more!

CrystFEL in the PDB

Right: Illustration of partially 
recorded reflections with 
different values of the partiality 
and Lorentz factor.  In this 
formulation, the Lorentz factor 
accounts for the spectral 
brightness in the vicinity of the 
reflection in reciprocal space 
arising from the bandwidth 
and divergence of the incident 
X-ray beam.

The method can be tested by calculating partial 
reflection intensities, including a random overall 
scaling factor for each crystal.  Spots were 
plotted into images at the calculated positions, 
and each image processed using the usual 
indexing and integration pipeline.  In this way, 
the errors in the initial diffraction parameters 
should be similar to those obtained in a real 
experiment.  The algorithm should be able to 
retrieve the original input intensities very 
accurately, and indeed does so.

Indexing, integration Scaling and merging 
with post-refinement

Simulated partial reflection 
intensities with scaling factors

Merged intensities

Simulated intensities

Above: R-factor of intensities merged with different methods with 
and without post-refinement compared to initial simulated 
intensities. Below/Left: Flow of test pipeline using "sketches".
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Some results from LCLS data processed with Cheetah and CrystFEL
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More serial crystallography software
• Psana - LCLS analysis frameworks. Python interface
• CASS – data reduction (no indexing etc)

– Foucar, L. et al. CASS—CFEL-ASG software suite. (2012) Comp. Phys. Comm. 
183 (10) 2207-2213.

• cctbx.xfel – data reduction and SFX processing
– Built on Computational Crystallography ToolBox: same as Phenix and LABELIT
– Sauter N. et al. Acta Cryst. (2013). D69, 1274
– Future: post refinement

• nXDS – Kabsch, Acta D. 2014 
– Not Monte Carlo
– Future: model X-ray 
spectrum; consider 
shape transforms 
from nanocrystals

Software for serial crystallography
Nadia Zatsepin – IUCr 2014, Aug 5th 26
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Workshops: where to learn more
• Bio-XFEL data analysis workshop August 21-22, 2014 

– Organized by BioXFEL STC, LBNL and SLAC, at Berkeley. 
– www.bioxfel.org/events/details/9
– There will be a Bio-XFEL data analysis workshop in 2015

• SSRL/LCLS User meeting 2014: Oct 10, 2014
– Software for Serial Crystallography (1 day workshop)
– Spaces available – book now. 
– https://conf-slac.stanford.edu/ssrl-lcls-2014/welcome

• BioXFEL 2nd International Conference – Puerto Rico, Jan 14-16, 2015
– www.bioxfel.org/events/details/6

• ACA  2015 (July, PA): SFX data analysis workshop (possibly)

www.desy.de/~barty/cheetah &   www.desy.de/~twhite/crystfel/

Software for serial crystallography
Nadia Zatsepin – IUCr 2014, Aug 5th 27
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CrystFEL citations
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Bonus: CSPAD

Software for serial crystallography
Nadia Zatsepin – IUCr 2014, Aug 5th 31

CSPAD
• 110 x 110 µm2 pixels
• 185 x 194 pixels  per ASIC
• 32 modules (2 ASICs)
• Quadrants are independently movable to change size of hole in center 

(instead of using a beam stop)
• 2 gain settings (each pixel)
• Signal-to-noise ~ 3.5 (high gain mode)
• Dynamic range of about 350 photons at 9.4 keV


