


Looking forward to the fully 

automated and optimal data 

collection using 

synchrotron radiation

Alexander Popov

ESRF, MX group



Why do we need automation?

• Data quality is better

• Measurements are too  difficult



Why do we need automation?

• We are lazy and we don't want to do boring work. We don't know and we 

don't want to know a crystallography.

High-throughput 

crystallization

0

5

10

15

20

25

30

35

40

45

50

0

20000

40000

60000

80000

100000

120000

140000

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

%
 c

o
lle

c
te

d

c
o

ll
e

c
ti

o
n

s

Year

ESRF beamlines



Core technology 

RoboDiff

Nurizzo D, Bowler MW, et al. (2016), Acta Cryst D. accepted
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how we can realize automation?

Old available SB beam lines

Energy [keV]
Beam size 

[mm2]

Flux 

[ph/s]
detector

Frame rate 

[Hz]

ID23-1 6-20 10-40 3x1012 Pilatus 6M 25

ID23-2 14.2 5x7 4x1011 Pilatus3 2M 250

ID29 6-20 10-50 5x1012 Pilatus 6M 25

ID29S optical spectroscopy (CRYOBENCH; UV/vis absorption, fluorescence, Raman)

BM29 7-15 500 (100) 2x1013 Pilatus 1M 100

New SB beam lines

MASSIF-1 12.8 20-150 1013 Pilatus3 2M 250

MASSIF-2 12.8 20-100 1013 tbd Not finished

MASSIF-3 12.8 >10 5x1013 Eiger 4M 750

ID30B 6-20 20-200 1013 Pilatus3 6M 100



fast continuous read-out detectorsInstruments for automation-



Svensson, O., Monaco, S., Popov, A., Nurizzo, D. and Bowler, M. W. (2015), The fully automatic 

characterization and data collection from crystals of biological macromolecules. Acta Cryst. D71 1757-1767



X-ray source

Intensity 

Divergence 

Wavelength 

Beam size

Detector
Size 

N.of pixels 

T readout

Noise 

Sensitivity 

Dynamic range

Crystal-to-detector distance

Resolution

Ip/Ib

spot overlap

Rotation width

Ip/Ib, 

spot overlap,

total d.c. time

Data quality
Completeness, Resolution, Statistics

Exposure time

statistics

overloads

total d.c. time

Starting angle and total rotation range

Completeness

Multiplicity

d.c. time

Crystal(s?)
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Complications

• Large cell parameters 

• Weak diffraction intensity – light atoms

• Poor crystal quality – big B- factor

• Background intensity > diffraction intensity

Background intensity
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Main uncertainties of the observed intensities are determined 

by counting statistics 

Accuracy
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where m and n are number of pixels in the peak and background region of the 

measurement box respectively. G is the detector gain, which converts pixel counts to 

equivalent X-ray photons. Kins is a proportionality constant for the instrument-error 

term 

Ip
Ib



A.Popov 12



A.Popov 13

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2 4 6 8 10 12

Dose, MGy

h
, 

1
/Á

Diffraction resolution vs. absorbed dose

5 μm crystal

30 

μm

5 μm

3.1 Á

2.2 Á



A.Popov 14

Statistics
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Radiation Damage

Global damage
Site-specific damage

1. Dose of 0.3 MGy - X-ray radiation damage effects

are not detectable even at atomic resolution.

2. Doses above 2 MGy lead to partial decarboxylation

of the most sensitive residues

3. Doses above 6 MGy may lead to wrong

interpretation of chemistry for some protein

residues

Absorbed Dose

0
KGy

MGy
10² MGy

Overall and q-dependent loss of diffraction 

peak intensity

Non-specific non-isomorphism

Changes in unit-cell parameters 

Increase in the mosaicity

X-Ray-Radiation-Induced changes in 

Bacteriorhodopsin Structure

Borshchevskiy et al. 2011,

J.Mol.Biol. V.409,813-825
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Intensity decay:
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Global radiation damage
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Graphical solution of the equation  

at resolution 1.5 Å and fixed rot. 

width for 5° sequential rotation 

wedges. 
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I/Sigma(I) Target =2.6
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t3=0.72 

s
t4=1.5 s

wedge=5°

Δφ=1°

resolution shell =1.55Ǻ ÷ 1.50 

Insulin data collection
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Basic ideas of BEST
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Semi-empirical model for diffraction intensity vs reciprocal space coordinate

Semi-empirical model of variance vs integrated intensity

Integration over the scanned reciprocal space using Wilson distribution

Radiation-damage model

Resolution-dependent intensity decay:

)2/)(exp()()0,(ˆ),(ˆ 2hDBDscaleDJDJ  hh
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<ID>/ <Io>
</I>

R1I

Dose [Gy] , d=2.5 Å

Expected Intensity Variation

SAD
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Intensity vs. crystal position

φ=0º φ=90º



User choices
Beamline Flux

Crystal contents

Initial Images

Data collection strategy accounting radiation damage

Detector parameters

Beamline parameters 

and limitations

Optimize data collection

Optimize SAD data collection

Find optimal crystal orientation

Low-resolution optimal

Rad. Damage sensitivity

Multi-positional data collection

Helical data collection

Estimate data statistics

Dose (Time) limit

Geometry limits

Aimed statistics

Aimed completeness

Aimed redundancy

Aimed resolution

Crystal shape and size

Beam profile and size
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EDNA characterisation v1.3

A workflow written in Python

MOSLFM
indexing

LABELIT
DISTL

Indexing
Evaluation

MOSFLM
integration

[RADDOSE]

BEST

MOSFLM
Predictions

LABELIT
indexing

Indexing
Evaluation

Failure

Ok

Ok

Failure

+ Xtal info
+ beam flux
+ diffraction plan

Data collection plan

XDS backg.
estimation
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EDNA
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Multi-positional and Helical data collection

FAE crystals

ID23-1
E=12.75Kev, I=35 mA, Aperture=0.03 mm

Flux=1.5x1011 Photon/sec

FAE2 – 5 positions 

The 70 kDa membrane protein FtsH from 

Aquifex aeolicus I222, a = 137.9, b = 162.1, c = 170
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---------------------------------------------

Resolution  RFriedel(%)  I/Sigma  Redundancy

---------------------------------------------

10.12         0.8        74.1      23.7

6.90         0.8        43.6      23.7

5.34         1.1        48.4      23.0

4.51         1.2        47.5      23.5

3.98         1.6        34.5      20.6

3.60         2.5        22.4      13.9

3.31         4.0        14.0      11.9

3.08         6.6         8.3       7.0

2.89        10.5         5.2       6.1

2.73        15.6         3.7       2.5

2.60        23.0         2.4       3.8

------------------------------------------------

----------------------

SAD optimization

Minimum of RFriedel = <|<E2+/w>-<E2-/w>|> is a target

noise only, no anomalous scattering itself:

decay, non-isomorphism

exact pair-vice dose differences for Bijvoet mates
http://skuld.bmsc.washington.edu/cgi-bin/MAD_power.pl

.............. SAD data collection............

-asad, strategy for SAD data collection, resolution selected automatically,rot.interval=360 dg.

-SAD {no|yes|graph}, strategy for SAD data collection if "yes", "graph" - estimation of resolution for 

SAD



User

Beamline Flux

Crystal contents

Crystal sizes

Absorbed dose rate

Initial Images

Rad. Damage sensitivity

Induced Burn Strategy

11 cycles for testing

10 cycles for burning

Minimal RD inside the testing cycles

Must induce significant changes in Intensity

The intensity measurements remain statistically 

significant up to the last cycle of data collection

Measurements

XDS auto 

RDFIT
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Example results from ”burning strategy”



Express estimation of radiation damage by DOZOR
Method to determine Mesh_and_Collect Exposure time and resolution

One cycle

10 images, total rotation 2°
20 times

Spot number vs. 

exposure

Average intensity vs. 

exposure
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σ (Ipeak) =SQRT (I peak + I background)

Ipeak /σ(Ipeak)=n

Ipeak /σ(Ipeak)=n*Sqrt(k)
K-times

Multi-crystal and multi-positional strategy
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X-ray Meshscan – a solid technique for sample analysis

Page 39

X-ray 

beam

Sample 

holder

Experimental setup for X-ray 

crystallography

The data are accumulated during 

translational movement

X-ray centering 
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Evaluating diffraction signal with DOZOR
- Use Wilson plot as a prior 

- Use all pixels, not just the local maxima 

score =  

total scattered intensity  ×
radial shape similarity

Spots 

list

Bragg spots search



DOZOR – new program for diffraction recognition 

DOZOR - indication on the ice or salt diffraction contaminations



The ‘MeshAndCollect’ workflow for multi crystal data collection method. 

mesh scan is performed on the sample. The resulting images are automatically inspected for protein diffraction and scored

according to diffraction strength. A heat map is generated that represents the diffraction intensity where the positions for partial

data collections are marked. After the user has selected the settings for the partial data collections, the MxCuBE2 data collection

queue is automatically filled and all partial data sets collected. Once the partial datasets have been automatically processed, HCA

can then be used to choose which data sets to merge to produce a final data set for structure solution.

MeshAndCollect: an automated multi-crystal data collection workflow for synchrotron macromolecular crystallography 

beamlines

Ulrich Zander et al., Acta Crystallographica (2015)  D71, 2328-43



DOZOR result 
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The result of mesh clustering
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Ellipse fit
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Crystal shape

DOZOR 

score



Meshclustering gui
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Some test examples
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Diffraction sample Modeling

Voxel

Volumetric Picture 

Element
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X-ray Mesh Scans

micro X-ray beam, high-precision diffractometry , shutterless data acquisition with a pixel-array detector

The Complex Analysis of the X-ray Mesh Scan

DOZOR

Crystals Maping – positions, size, diffraction 

quality  

BEST – Data Collection Strategy accounting radiation 

damage

Data Collection and Processing 
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