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What is DIALS?



What is DIALS?
Diffraction Integration for Advanced Light Sources
● Project began in late 2011 at Diamond Light Source and CCP4
● Additional funding by BioStruct-X and now Wellcome Trust
● Aim to develop new data processing software to meet modern challenges
● Now an international collaborative development



Legacy
Built upon the strengths of older projects



Present and future
Novel features such as new indexing methods, multiple experiment joint 
refinement, smoothly varying models, improved data for weak diffraction...
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Flowchart for data processing



From v2.0.0 onwards:

".expt" file (e.g. imported.expt)

● metadata for images - file location, experimental 
model details (beam orientation and wavelength, 
detector position and orientation etc.)

".refl" file (e.g. strong.refl)

● spot/reflection information - coordinates 
(centroids), intensity values, etc.

DIALS files



DIALS CLI

Main programs:

dials.import
dials.find_spots
dials.index
dials.search_beam_position
dials.refine_bravais_settings
dials.reindex
dials.refine
dials.integrate
dials.symmetry
dials.scale
dials.export

More than 70 dials.* commands in version 2.0

$ dials.find_spots datablock.json nproc=8

…

Histogram of per-image spot count for imageset 0:
71268 spots found on 200 images (max 1897 / bin)
*                                                           
*                                                           
**** *                                             *       *
*********                            ** ******* ***** *  * *
************                 ** ****************************
***************** * ****************************************
************************************************************
************************************************************
************************************************************
************************************************************
1                         image                          200

---------------------------------------------------------------
Saved 71268 reflections to strong.pickle
Time Taken: 88.113627



Electron diffraction basics



Scattering

X-ray

Electron

Elastic Inelastic



Scattering
X-ray scattering probes electron density 

Electron scattering probes electrostatic potential

Figure adapted from Vainshtein 1964



Charged state
Coulomb potential maps can reveal information about charges 
(Yonekura et al. PNAS 2015)

X-ray

Electron

Ca2+-ATPase. When neutral Ca is 
assumed, difference map shows 
large positive peaks



Radiation damage
Damage accumulates alongside diffraction by the ratio of useful (elastic) to 
damaging (inelastic) events (Henderson, Quart. Rev. Biophys. 1995)

X-ray (1.5 Å)

Electron (200 keV)

20 eV

8000 eV

60 eV

80'000 eV

Electrons better by >1000 times

Enough to 'kill' a unit cell
(Sliz et al. Structure 2003)



Crystal size
The radiation damage argument implies that a crystal for electron diffraction 
can be 1000 times smaller in volume than a crystal for X-ray diffraction

Small crystals or crystal fragments may be better ordered (de la Cruz 2017)

However, it is more complicated...

The strength of interaction implies multiple scattering unless the crystal 
thickness is much below the mean free path

Figure credit: Tim Grüne 



Crystal size
Thin samples are obligatory

But not as thin as theory suggests (100 nm @ 200 keV, Subramanian 2015)

For proteins, with continuous rotation, thickness < 400 nm seems to keep 
dynamic effects acceptably low (Hattne 2015)

Nevertheless, vanishingly thin plates may still be best (Yonekura 2015)

Figure credit: Tim Grüne 



Crystal size

Lysozyme nanocrystal

Diffracting volume: 0.14 mm3

(< 6×105 unit cells)

Clabbers et al. 2017



FIB milling as sample preparation

Image credits:

Emma Beale (DLS)

Corey Hecksel (eBIC)

Abhay Kotecha (STRUBI)

Jose Trincao (DLS)

See also Duyvesteyn et al. 
PNAS 2018

20 μm



Image formats and metadata

Boring but important



EM image formats
As with MX, various image formats exist, some manufacturer-specific

Independent from MX, except for generic formats (such as TIFF)

Three approaches to get the data into DIALS:

1. External: convert to standard MX format (SMV, CBF etc.)

2. Internal: write new format reading code to go into dxtbx

3. Extension: write new format reading code as a plug-in

dxtbx.install_format --user [/path/to/format/class.py] [URL]

In any case, missing experiment geometry metadata may be a problem



Extending dxtbx
Plug in a new Format class to recognise new image file formats



EM image formats
Explicit support for a handful of formats (in distribution or as plug-in), e.g.:

● Timepix quad raw, miniCBF, SMV
● Timepix quad2 miniCBF
● ThermoFisher Falcon II raw image
● ThermoFisher Falcon III converted to SMV
● ThermoFisher Ceta 16M image stack (.ser format, no metadata)
● ThermoFisher extended header MRC
● Gatan DM4 stack (no metadata)
● Gatan OneView converted to miniCBF
● TVIPS SMV (from tvips2smv)
● DirectElectron DE-64 converted to TIFF

https://github.com/dials/dxtbx_ED_formats

Could add others, but we don't want to be image format zookeepers

https://github.com/dials/dxtbx_ED_formats


Experimental geometry uncertainty
Without careful calibration there may be uncertainty about various things:

● Beam centre
● Detector (effective) distance
● Detector gain
● Multi-panel metrology
● Rotation axis handedness
● Rotation axis orientation

Relatively poor sample stages for rotation adds additional error:

● Δϕ / image

In addition, lenses mean questions about:

● Obliquity (parallax)
● Diffraction pattern distortion



Diffraction geometry



Ewald construction
X-ray diffraction

Photon energy 12 keV (λ = 1.03 Å)

Scattering vector at 2 Å

2θ = 29.9°



Ewald construction
Electron diffraction

Electron energy 200 keV (λ = 0.0251 Å)

Scattering vector at 2 Å

2θ = 0.72°



Diffraction geometry

Typical MX geometry, Pilatus 6M detector

Scattering vector at 29.9°

X-ray (12 keV)

Electron (200 keV)
Real ED example, Timepix quad

Scattering vector at 0.72°



Diffraction geometry
Real detector distance actually fixed

Beam paths are complex, through lens system

We ignore this and use the effective detector 
distance

Might also ignore parallax? Depends on 
detector technology

But not image distortion, if present

Figure credit: Tim Grüne 



Challenges



Challenges
Almost flat Ewald sphere, high detector distance and low diffraction angle

● Lens distortions may introduce systematic error in observed positions

● Indexing from a single image is challenging

● It may even be difficult to determine the direction of rotation

● Joint refinement of detector and unit cell may not be possible

● Refined detector and unit cell parameters may be poor

● The beam centre may drift



Challenges
Almost flat Ewald sphere, high detector distance and low diffraction angle

● Lens distortions may introduce systematic error in observed positions

● Indexing from a single image is challenging
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Pentasil zeolite, 64° tilt, 200 keV

Timepix direct electron detector as a 4 
panel quad

Some image distortion evident

panel
refinement

Lens distortions



That gross 'fix' was sufficient to integrate this dataset with DIALS

Scaled with AIMLESS, structure solved ab initio by SHELXT

Refinement with SHELXL using electron scattering factors

Poor statistics typical for e- diffraction data, but maps are reasonable

Space group Pnma

Cell dim (Å) 20.09, 19.96, 13.51

Resolution (Å)  14.16 - 0.70
[14.16 - 3.83]
 (0.71 - 0.70)

Rmerge (%) 21.9 [11.6] (53.4)

Rmeas (%) 26.0 [15.5] (64.0)

I/σ 1.90 [4.3]  (0.8)

CC½ 0.98 [0.97] (0.92)

Completeness (%) 70.7 [60.1] (70.4)

R1 (%) 20.7

wR2 (%) 48.7



Elliptical distortion

Clabbers et al. 2017

A more general solution is to use 
pixel-wise distortion tables

Determine parameters from e.g. Al 
powder diffraction standard

Potentially refine parameters from 
diffraction data?

Best approach: avoid distortion in 
the first place



Challenges
Almost flat Ewald sphere, high detector distance and low diffraction angle

● Lens distortions may introduce systematic error in observed positions

● Indexing from a single image is challenging

● It may even be difficult to determine the direction of rotation

● Joint refinement of detector and unit cell may not be possible

● Refined detector and unit cell parameters may be poor

● The beam centre may drift



single image 56° wedge



Challenges
Almost flat Ewald sphere, high detector distance and low diffraction angle

● Lens distortions may introduce systematic error in observed positions

● Indexing from a single image is challenging

● It may even be difficult to determine the direction of rotation

● Joint refinement of detector and unit cell may not be possible

● Refined detector and unit cell parameters may be poor

● The beam centre may drift



right rotation axis inverted rotation axis

MX geometry



right rotation axis inverted rotation axis

ED geometry



Clabbers et al. 2018



Challenges
Almost flat Ewald sphere, high detector distance and low diffraction angle

● Lens distortions may introduce systematic error in observed positions

● Indexing from a single image is challenging

● It may even be difficult to determine the direction of rotation

● Joint refinement of detector and unit cell may not be possible

● Refined detector and unit cell parameters may be poor

● The beam centre may drift



DIALS provides diagnostics using the Jacobian from non-linear least squares 
refinement of the diffraction geometry

1. corrgrams

Diagnostics for problematic refinement

X residuals Y residuals ϕ residuals

Simulated data, MX geometry (12 keV, 200 mm distance)



DIALS provides diagnostics using the Jacobian from non-linear least squares 
refinement of the diffraction geometry

1. corrgrams

Diagnostics for problematic refinement

Simulated data, ED geometry (200 keV, 1570 mm distance)

X residuals Y residuals ϕ residuals



DIALS provides diagnostics using the Jacobian from non-linear least squares 
refinement of the diffraction geometry

2. condition number

Linearised step: J Δp = Δr

For the simulated examples shown:

Diagnostics for problematic refinement

parameters

re
fl
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o
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X residuals

Y residuals

ϕ residuals

cond(JMX) ≈ 2 × 103

cond(JED) ≈ 5 × 105



General rule: stabilise refinement by 
constraints (fix) or restraints

Diagnostics help to identify problematic 
parameters

Flat Ewald sphere → extremely high 
correlation between cell and detector distance

Best case scenario: effective distance is 
well-calibrated, so fix it

Other unstable parameters: detector 'tilt' and 
'twist' rotations, and beam orientation

Restrain unit cell to a target, or group average 
in joint refinement 

Stabilising refinement



Challenges
Almost flat Ewald sphere, high detector distance and low diffraction angle

● Lens distortions may introduce systematic error in observed positions

● Indexing from a single image is challenging

● It may even be difficult to determine the direction of rotation

● Joint refinement of detector and unit cell may not be possible

● Refined detector and unit cell parameters may be poor

● The beam centre may drift



Example: FIB-milled lysozyme still tilt 
series from eBIC

Beam direction drift during the data 
collection causes severe distortion

Nevertheless, spots can be indexed by 
dev.dials.creep_index

The reciprocal lattice view is aligned 
along planes in the region marked A, 
however in other regions, such as B, the 
observations do not map to parallel 
planes.

A

B

Beam drift



Beam drift
Less severe beam drift seems common even with continuous rotation

In order to process Max Clabbers' lysozyme nanocrystal data we added 
Gaussian-smoother scan-varying beam refinement to DIALS

Tested using simulated images created with simTBX



Beam drift

A

B

Can track the beam drift of the lamella tilt series: about 70 pixels in Y!



Integration
Most programs perform empirical profile modelling using local strong spots.

DIALS makes 3D profile models, like XDS.

The 3D method takes advantage of the Kabsch transform.

vs.

● beam size
● beam divergence
● beam spectral 

dispersion
● obliquity
● detector point spread

● geometry
● crystal mosaicity
● crystal shape
● crystal size



Integration
Kabsch's transform:

Spot shape is distorted by:

1. obliquity of rays on the detector
2. obliquity of the relp's passage 

through the Ewald sphere

1. is handled by mapping pixel values onto 
the Ewald sphere.

2. is handled by choosing a non-orthogonal 
third dimension along the relp's actual 
direction of travel.

Use the Kabsch model of a 
normal distribution on the 
surface of the Ewald sphere

2 parameters:

σ
D
 - roughly "beam divergence"

σ
M

 - roughly "mosaicity"



Integration
3D profiles are formed for different regions of the detector and different 
blocks of the ϕ-scan.

DIALS uses a rectangular grid on the detector, and overlapping blocks in ϕ, 
with size chosen so that each reflection is integrated fully in one block

ϕ



Example processing



Lysozyme nanocrystal

Diffracting volume: 0.14 µm3

(< 6×105 unit cells)

Clabbers et al. Acta Cryst D 
2017; 2018

http://www.youtube.com/watch?v=LE06VOETwNc


ED structure solution with CCP4
● 7 datasets integrated with DIALS, including elliptical distortion and beam 

drift corrections as described 
https://dials.github.io/documentation/tutorials/dials_for_ed.html

● Combined and scaled with pointless and aimless (~60% complete to 2.1 Å)

● Phased by MR with phaser using FORMFACTORS ELECTRON

● Model building by buccaneer

● Unit cell refinement performed by Refmac5

● Final model refinement by Refmac5 and PDB_REDO, using SOURCE 
ELECTRON MB; MAPC FREE EXCLUDE

● Robust validation for incomplete data using Rcomplete rather than Rfree

● Rwork=25.2%; Rcomplete=29.2%

● Demonstrated equivalent data quality to that obtained by XDS
(Clabbers et al., Acta Cryst D 2018)

https://dials.github.io/documentation/tutorials/dials_for_ed.html


ED structure solution with CCP4



Breakdown of the kinematic assumption
dials.plot_Fo_vs_Fc hklin=refined.mtz





Conclusions



Conclusions
Adapting DIALS for ED required some new features: e.g. image format 
readers, elliptical distortion correction and smoothly varying beam

If initial experiment metadata is good enough, indexing is usually okay

Modelling accurate diffraction geometry may be challenging

Refinement diagnostics plus trial and error to find the right protocol

No special requirements for integration (found so far)

Phasing (MR) & refinement works, though room for optimisation

More appropriate models for electron scattering will help

Current hardware is sufficient but not ideal

Experience with (a limited number) of examples → immediate and largest 
gains likely to be in hardware and experiment rather than software
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